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The Nuclide Ni**t 


Raymonp K. SHELine* AND RaymMonp W. STOUGHTON 
Institute of Nuclear Studies and Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 
(Received March 31, 1952) 


Ni** has been produced by the bombardment of the separated isotope Fe* with 39-Mev alpha-particles. 
It is a 6.4+0.1 day orbital electron capture activity with less than 1 percent positrons. Growth of its daughter 
Co* makes the mass assignment certain and confirms the 6.4-day half-life. Gamma-rays of the following 
energies in Mev (and relative intensities) have been found: 0.17 (1.0), 0.28 (0.3), 0.48 (0.4), 0.81 (0.8), 
0.96 (0.1), 1.33 (0.05), 1.58 (0.15), and 1.75 (0.02). The halt-lives of most of these gamma-rays have been 
followed individually and agree with the half-life quoted. The large number of gammas indicates that the 
decay scheme is complex. Coincidences have been found between the cobalt K x-rays and the gammas as 
well as between the gamma-rays themselves. There is less than 10~* alpha-branching. 





I. INTRODUCTION 

EVERAL people, including Mayer,! have suggested 

that a study of Ni*® would be significant because 
both the neutron and proton numbers indicate possible 
closure of shells. Also Ni**, having equal numbers of 
protons and neutrons, may be considered an alpha- 
particle nucleus. Alpha-particle nuclei below Ca*® have 
long been known to be unusually stable. The stability 
of Ni5® may throw some light on this stability effect in 
nuclei above Ca*®. Friedlander® has observed a smaller 
amount of longer-lived activity along with the 36-hour 
Ni*’ produced in an alpha-bombardment of iron. This 
evidence together with its expected stability because 
of shell closure at 28 neutrons and 28 protons was an 
indication that a long-lived Ni®® might exist. The 
alpha-bombardment of iron would appear to be one of 
the best methods of producing this activity with the 
expected reaction being Fe*(a,2n)Ni5®. Since the nat- 
ural isotopic abundance of Fe™ is only 5.9 percent, 
however, it seemed advisable to obtain an enriched 
stable isotope for alpha-bombardment. 


II. EXPERIMENTAL 


A sample of Fe.,O; showing 84.3 percent Fe™, 15.3 
percent Fe®*®, <0.5 percent Fe*’, and <0.2 percent 


t This nuclide has also been studied by W. J. Worthington, Jr., 
Phys. Rev. 87, 158 (1952). 

*Now at the Chemistry Department of the Florida State 
University, Tallahassee, Florida. 

' M. Goeppert-Mayer, Phys. Rev. 78, 16 (1950). 

? Friedlander, Perlman, Alburger, and Sunyar, Phys. Rev. 80, 
30 (1950). 


Fe** was obtained from the Stable Isotopes Research 
and Production Division of Oak Ridge National Labo- 
ratory. It was bombarded with an external beam of 
62.28 microampere hours of 39+ 1-Mev a-particles from 
the University of California’s 60-inch cyclotron. The 
sample was dissolved in concentrated HCI and a nickel- 
cobalt-iron separation performed according to a pro- 
cedure of Moore and Kraus* using an anion exchange 
column. The anion exchange column employed Dowex 
A-2 (a diethanol methyl quaternary amine) resin (100 
mesh) which had been carefully screened, washed, 
treated with ethyl alcohol and dried. Elution with 10 
normal HC! removed the nickel, leaving the cobalt and 
iron fractions on the resin. Further elution with 2 
normal HC] removed the cobalt from the iron, which 
stayed on the resin. To check for completeness of 
separation, a sample of nickel was separated using 
the conventional dimethylglyoxime precipitation. The 
gamma-ray spectrum of this sample was identical with 
that of the sample from the ion exchange separation. 
The separated nickel sample was counted in a beta 
proportional counter, a Geiger-Mueller counter, and an 
integrating scintillation counter. In the beta propor- 
tional counter an absorption curve was obtained which 
indicated a large intensity of very low energy electrons 
which were totally absorbed in 0.22 mg/cm? of alumi- 
num. The half-life measurements obtained on the inte- 
grating scintillation counter did not agree with those 


3G. E. Moore and K. A. Kraus, J. Am. Chem. Soc. 74, 843 
(1952); 72, 5792 (1950). 
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Fic. 1. Gamma-ray spectra of Ni** and Ni®’ as a function of time. 
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obtained with the beta proportional counter and the 
Geiger-Mueller counter. Gamma-ray spectra were ob- 
tained as a function of time using a sweep-type differ- 
ential and integral discriminator similar to the one 
already described by Fairstein The gamma-rays 
showed two half-lives. The first was the 36-hour half- 
life of Ni®? which is well known. The second half-life 
was a new 6.4-day activity. 

Some of the gamma-ray spectra as a function of time 
are shown in Figs. 1 and 2. The gamma-ray spectra in 
Fig. 1 show a Ni fraction containing a considerable 
amount of Ni*’ as well as the 6.4 day Ni, whereas the 
gamma-spectra in Fig. 2 were chosen to show the decay 
of the 6.4-day activity and the growth of its daughter. 
Spectra utilizing greater resolution have been obtained 
to separate gamma-rays in the low energy region not 
shown as separated in Figs. 1 and 2. Gamma-rays at 
0.114, 1.39, and 1.90 Mev were attributed to Ni*’; these 
compare with 0.128, 1.375, and 1.91 Mev found by 
Canada and Mitchell. All the gamma-rays associated 
with the 6.4-day nickel activity, together with their 
relative intensities when it was possible to determine 
them, are listed in Table I. The gamma-rays with 
Rev. Sci. Instr. 22, 76 (1951). 

Mitchell, Phys. Rev. 83, 955 (1951). 


‘E. Fairstein, 
5 R. Canada and A. C. G. 


R. W. STOUGHTON 
energies of 170, 281, 483, 805, and 1575 kev have been 
shown to decay with a half-life of approximately 6.4 
days. The gamma-rays of 960, 1330, and 1750 kev are 
almost certainly associated with the decay of this new 
nickel isotope although it was not possible to measure 
their half-lives accurately because they appear as strong 
shoulders on other peaks of the gamma-ray spectra. 
There also appeared to be a weak gamma-ray at 370 kev 
which is not listed in Table I because it is less definitely 
established than the others. An absorption spectrum 
using a Geiger-Mueller counter was obtained for this 
new nickel activity after the majority of the Ni*’ had 
decayed away. The absorption curve is shown in Fig. 3 
Coincidence measurements indicated that this activity 
occurred in coincidence with the gamma-rays attributed 
to the 6.4-day activity and that some of these gammas 
were in coincidence with each other. 
Ill. MASS ASSIGNMENT OF THE NICKEL ACTIVITY 
After the Ni*’ (identified by its gamma-ray spectrum, 
the energy of its positron, and its half-life) had been 
allowed to decay away, a nickel separation was made. 
Then from time to time cobalt milkings were carried 
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out on this nickel fraction and decay curves on the 
resulting nickel fractions were followed; Fig. 4 is an 
example of one of these curves. The cobalt activity 
which grows into the nickel fraction is certainly that of 
Co**, Gamma-rays of the following energy in Mev have 
been observed in the Co fraction milked from the Ni: 
0.87, 1.25, 1.73, 2.04, and 2.53. These compare with 
0.845, 1.26, 1.74, 2.01, and 2.55 Mev reported by Elliot 
and Deutsch.® In addition, the 1.5-Mev positron has 
been identified by absorption measurements. The cobalt 
growth curve in Fig. 4 has been normalized to give 
equal counting efficiencies for the parent and daughter. 
It is consistent with a 6.4-day half-life for Ni°* and an 
80-day half-life for Co**. Because the identification of 
the daughter Co** is so definite, the mass assignment 
of this nickel activity as Ni®* seems unequivocal. 


IV. DECAY CONSTANT AND MODE OF DECAY 


Although a half-life of approximately 6.4 days was 
obtained for the various gamma-rays followed (see 
Figs. 1 and 2), this half-life varied considerably as may 


Taste I. Gamma-rays associated with Ni**, their energies, 
relative intensities, and observed halt- life w hen available. 





Energy in Mev Relative intensity* Half-life 


0.17 1.0 6.7 
0.28 0.3 6.38 
0.48 04 6.8 
0.81 0.8 6.0 
0.96 0.1 
1.33 0.05 
1.58 0.15 
1.75 0.02 
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«The relative intensities were obtained with a scintillation counter 


which had been calibrated with samples which had been coincidence 
counted. (The spectrometer was assembled and calibrated by A. R. Brosi, 
B. H. Ketelle, and H. Zeldes.) 

» Half-life strongly affected by Co™ at 1.73 Mev. 


be seen in Table I, because of the background of Ni®? 
and due to the growth of cobalt activities. A more 
precise determination of the half-life was possible from 
the data obtained using the repeated separations of the 
nickel and the integrating scintillation counter (of 
which Fig. 4 is an example). The half-life so determined 
is 6.4+0.1 days. An attempt was made to determine 
the possible existence of a positron activity by absorp- 
tion measurements. These measurements using alumi- 
num absorbers showed the existence of a radiation with 
a half-thickness of 8.50.5 mg per cm? of aluminum 
(see Fig. 3); this half-thickness is consistent with that 
expected for a K x-ray of cobalt.’ It was not possible 
to obtain a large enough number of absorbers to 
determine accurately the half-thickness of Be. How- 
ever, in view of the much greater half-thickness in Be, 
these results cannot be interpreted as a weak positron 
but only as K x-rays of Co. Absorption measurements 


*L. G. Elliot and M. Deutsch, Phys. Rev. 63, 321 (1943). 
7 Brosi, Borkowski, Conn, and Griess, Jr., Phys. Rev. 81, 391 
(1951). 
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4 R. K. SHELINE AND 
indicated no other activity except the very low energy 
electrons and the gamma-rays; the former are probably 
to be explained as due to a partial internal conversion 
of the K x-rays. In this way, it was possible to show 
that there was less than 1 positron for every 95 positrons 
of Co which grow into the Ni activity in a period of 
20 days. Since the Co** activity never reaches a value 
greater than 10 percent of the Ni activity (assuming 
equal counting efficiencies) a very conservative upper 
limit of less than 1 percent positron activity is sug- 
gested. If equal counting efficiencies are assumed, an 
upper limit of 0.1 percent positron activity obtains. 
The fact that no annihilation radiation was observed 
supports the low limit on positron branching although 
the gamma-ray at 0.45 Mev makes this an insensitive 
test. Since it has not been possible to observe positrons 
in this activity, whereas there is a very complex gamma- 
ray spectrum along with Co K x-rays, the existence of 
the discrepancy between the decay rate as obtained by 
a Geiger-Mueller or beta proportional counter and an 
integrating scintillation counter may be understood. 
The decay rate using a proportional or Geiger-Mueller 
counter was less than 6 days but on repeated separations 
approached ever nearer 6 days as the remaining Ni*” 
died away whereas, as may be seen in Fig. 4, the decay 
constant obtained by using an integrating scintillation 
counter is very constant and, therefore, would appear 
to be reliable. In view of the fact that Ni®* is an alpha- 


particle nuclide, the possibility of its being an alpha- 
emitter was considered. A very intense sample was 
placed in a methane-type gas-flow counter, and no 
alpha-counts were observed. In this way it was possible 
to set an upper limit of 10~ on the alpha-branching 
ratio. 


V. DISCUSSION 


While the existence of coincidences between the Co K 
x-rays and the gammas and between some of the 
gammas themselves has been established, it has not 
been possible to describe a unique decay scheme due to 
the complexity of the gamma-ray spectrum, i.e., several 
different decay schemes explain the present data equally 
well. The complexity of the decay scheme may be due 
to a large spin change between the parent and daughter. 


R. W. STOUGHTON 

For instance, if the one-particle nuclear shell model and 
simple addition of the odd neutron and proton spins in 
Co* are assumed valid here, the spin difference between 
Ni®* and Co** is 6. Such a large spin difference would 
allow the existence of several states of intermediate spin. 
Unfortunately since the total decay energy is not 
known, a comparison of the observed decay energy with 
that determined from the equation for the electron 
capture decay energy containing the Weizsicker-Bohr- 
Wheeler terms, 


Eat= By(Z—Z4—0.5)—8u, 


with suitably chosen values of B4, Z4, and 64, cannot 
be made. Such comparisons have been made by C. D. 
Coryell et al. for a wide variety of nuclides, especially 
those of odd atomic mass where the 6 effects cancel to a 
first approximation, and a discrepancy of about 1 Mev 
has been found on crossing above either the 28-neutron 
or the 28-proton shell.’ 

From the semi-empirical mass difference between 
Ni*®® and Co*® given in the tables of Metropolis and 
Reitwiesner,® an energy difference of 3.0 Mev is ob- 
tained. On the assumption that the 6.4-day activity 
represents decay of the ground state of Ni®*, the ob- 
served energy difference is greater than or equal to 
1.75 Mev since this is the energy of the most energetic 
observed gamma. Then if a discrepancy of about 1 Mev 
is to be expected, it may be concluded that the total 
decay energy should not be greater than about 2 Mev. 

The authors are happy to acknowledge the advice 
and help of Dr. A. R. Brosi, the counting services of 
Myrlene Davis, Georgia Gibson, and Edna Hennessee, 
the cooperation of Body S. Weaver who supplied the 
separated Fe sample, and the cooperation of J. G. 
Hamilton in procuring the irradiation by the University 
of California’s 60-inch cyclotron. This work was 
performed under the auspices of the AEC. 


8 Coryell, Brightsen, and Pappas, Phys. Rev. 85, 732 (A) 
(1952); also C. D. Coryell (private communication) has pointed 
out that in the case of Ni** decay only the effect of exceeding a 
closed shell should be observed, i.e., only the effect of going from 
28 to 29 neutrons should be noticed and not any additional 
effect due to going from 28 to 27 protons. 

°N. Metropolis and G. Reitwiesner, AEC Report No. NP-1980 
(1950). 
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Ferroelectricity in the Ilmenite Structure* 


H. C. SCHWEINLER 
Massachusetts Institute of Technology, Cambridge, Massachusetts 
(Received January 31, 1952) 


The ferroelectricity of the ilmenite structure minerals lithium 
tantalate and lithium niobate is studied theoretically, using the 
method recently introduced by Slater for barium titanate. The 
metal ions are assumed to move in a potential which has small 
quartic terms as well as the usual quadratic terms, all satisfying 
the appropriate crystal symmetry requirements. This results in a 
slight dependence of the ionic-displacement polarizability of each 
metal ion on both the temperature and the polarization of the 
crystal. The local electric field strength is computed exactly for 
each ion by Ewald’s method, and the internal field constants are 
given for a number of positions in a rhombohedral unit cell of 


axial angle a=56°. The polarizabilities can be estimated from 
other crystal polarization data, leading to a spontaneous polar- 
ization below the upper Curie temperature T) of 2(To—T)! 
microcoulombs cm~* (without electromechanical correction). 
Whereas in barium titanate all dipole moments are in the direction 
of the resultant polarization, it is found here that the lower 
crystal symmetry results in sizeable components of the oxygen 
dipole moments perpendicular to the total polarization, but these 
last components produce a large field in the direction of the 
polarization at other ionic positions. 





1. INTRODUCTION 


NTIL recently there were only three groups of 
ferroelectric crystals known. The prototype of the 
first to be discovered is Rochelle salt,! KNaCsH,O, 
-4H,0, which has a “lower Curie point” at — 18°C and 
an “upper Curie point” at +24°C, between which 
temperatures a spontaneous polarization of maximum 
value about 0.26 microcoulomb cm~ exists in the 
crystal. Characteristic of the second group is potassium 
dihydrogen phosphate,? KH2PO,, which has an upper 
Curie point only, at about — 150°C, and a maximum 
spontaneous polarization of about 4.7 microcoulombs 
cm. In this group isomorphous replacement of potas- 
sium ion by ammonium or phosphorus by arsenic 
produces a crystal with qualitatively similar properties. 
The most important member of the third group is 
barium titanate,* which has an upper Curie point at 
120°C and two lower Curie points at about 0°C and 
—70°C, and a maximum spontaneous polarization of 
about 15 microcoulombs cm~. In this case many sets 
of substitutions on the cations are possible, such as 
sodium or potassium and niobium or tantalum, respec- 
tively, for barium and titanium; strontium for barium; 
or lanthanum for barium and iron or gallium for 
titanium. In all of these the perovskite crystal structure 
is preserved, and ferroelectric behavior is still found. 
In 1949 a new kind of ferroelectric crystal was 
discovered.‘ The only members of this group which 
have been investigated up to the present time are 
lithium tantalate, LiTaOs, and lithium niobate, LiNbO. 
Lithium tantalate has a maximum spontaneous polar- 
ization of about 23 microcoulombs cm~ in the temper- 
ature range studied (— 100 to 450°C) ; the upper Curie 


* From a dissertation submitted in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy at the 
Massachusetts Institute of Technology. The work was supported 
in part by the ONR and AEC. 

' J. Valasek, Phys. Rev. 17, 475 (1921). 

2G. Busch and P. Scherrer, Naturwiss. 23, 737 (1935). 

von Hippel, Breckenridge, Chesley, and Tisza, Ind. Eng. 
Chem. 38, 1097 (1946). 

4B. T. Matthias and J. P. Remeika, Phys. Rev. 76, 1886 (1949). 


point lies outside of this range, but the shape of the 
spontaneous polarization curve suggests that it is 
perhaps two hundred degrees higher. The spontaneous 
polarization decreases to a value of about 1 micro- 
coulomb cm~ at room temperature, but there is no 
clear indication of a lower Curie point. The crystals 
have the ilmenite structure, which is more complicated 
than that of barium titanate but simpler than Rochelle 
salt or potassium dihydrogen phosphate. 

In this paper the method which Slater® first applied 
in his discussion of the ferroelectricity of barium titanate 
will be used to discuss the ilmenite structure ferro- 
electrics. The principal contributions of this method are 
its careful treatment of the internal field in the crystal 
and its plausible mechanism for the variation of 
polarizability with temperature. 

The rigorous discussion of the internal field begins 
with the observation that a crystal structure having n 
ions in the unit cell may be regarded as consisting of 
equal and parallel interpenetrating space lattices, one 
for each ion of the unit. If the ions are polarized, with 
a dipole moment p; for ion i in the unit cell, then the 
crystal symmetry guarantees that all corresponding 
ions in the crystal have the same dipole moment, giving 
rise to a lattice of equal dipoles. This dipole lattice 
has a polarization P;= p,/v, where v9 is the volume of 
the unit cell. The total polarization P is, of course, just 
the sum of the partial polarizations P;. The field can 
be computed for any point within this lattice of dipoles. 
In particular, the actual field at the position of any 
one ion is the external field, plus the sum of the fields 
from all other lattices of dipoles, plus the field from 
all other dipoles on the lattice containing the ion in 
question. The resultant field, however, determines the 
dipole moment of this ion; and since there are as many 
such equations as there are ions in the unit cell, we can 
finally express each partial polarization in terms of the 
applied field E?. 

The effective polarizability of an ion, the ratio of its 


5 J. C. Slater, Phys. Rev. 78, 748 (1950). 
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dipole moment to the local field acting on it, may be a 
function of both the temperature and the local electric 
field strength. Slater showed that a very slight de- 
pendence of the polarizability on the last two quantities 
could, when coupled with the above set of equations 
relating the dipole moment of each ion to the local 
field acting on it, produce the highly anomalous rela- 
tionship between polarization and temperature which 
is characteristic of ferroelectric materials. His method 
is to introduce into the potential in which the ions can 
be considered to move, certain fourth-power terms in 
the displacements from the equilibrium position as well 
as the usual second-power terms. The potential as a 
whole must satisfy the requirements imposed by the 
symmetry of the crystal, and the fourth-power terms 
are expected to be small compared to the second-power 
terms. This procedure when carried through provides 
the right dependence of polarizability (in this case 
ionic-displacement polarizability) on temperature and 
field strength to account for the ferroelectric behavior 
of the crystal. 

When the actual details of the interaction of various 
lattices of ions are considered, it is found that the 
lithiums and tantalums interact with one another more 
than three times as strongly as the usual Lorentz 
correction would indicate. Furthermore, it is found that, 
in the case of the oxygen ions especially, the component 
of the dipole moment perpendicular to the applied field 
produces quite strong fields in the direction of the 
external field at other ionic positions. This effect is not 
found in barium titanate because of the high symmetry 
of the perovskite structure. In the case of the tantalums, 
for example, more than half of the local field can arise 
in this way. 

The condition for ferroelectricity, of course, is that 
the crystal have a nonvanishing polarization in zero 
external field. In terms of our present formulation of 
the theory, this can be expressed as a relationship 
between the polarizabilities of the lithium, tantalum, 
and oxygen ions. It is possible to make a quite good 
estimate of the oxygen polarizability; the resulting 
relationship between the polarizabilities of lithium and 
tantalum ions depends mainly on their sum and only 
slightly on their ratio. We find that the ionic-displace- 
ment polarizability of the metal ions needs to be only 
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about one-half as great as the electronic polarizability 
for ferroelectricity to occur. Expressed in terms of the 
potential in which the metal ion moves, we get quite 
reasonable and ordinary values for the leading coeffi- 
cients of the potential function. 

Finally, an expression for the free energy of the 
crystal can be set up, from which we obtain the spon- 
taneous polarization as a function of temperature below 
the Curie point and the dielectric constant as a function 
of temperature above the Curie point. The constants 
in both these expressions can be estimated, and prove 
to have about the values observed for other dielectrics. 
Unfortunately, direct experimental evidence for lithium 
tantalate itself is lacking. 


2. THE CRYSTAL STRUCTURE AND PARAMETERS 


For definiteness we shall confine the discussion to 
lithium tantalate. Its space lattice is rhombohedral, 
with dg=5.49kx and a=56}°.6 The crystal class is 
hexagonal alternating;’ the space group is C37; and 
there are two LiTaO; per unit cell.* The structure is the 
ilmenite (occasionally: geikielite) structure, which has 
five parameters, as follows: 2Li at +(uuu); 2Ta at 


z 


DD Se 





O03 % 


02 (BEHIND) 


x 
O4 || |O5 
6 BEHIND) 








Fic. 1. LiTaOs unit cell, with ionic size indicated. 

® E. A. Wood (private communication). 

7H. A. Miers, Mineralogy (Macmillan Company, New York, 
1929), second edition, p. 77. 

8’ W. H. Zachariasen, Skrifter Norske Videnskans-Akad. Oslo. 
I. Mat.-Naturv. Klasse No. 4 (1928). The discussion in this 
reference is of lithium niobate, but Dr. Wood, reference 6, has 
examined both these substances and has found that the powder 
photographs are very closely similar. 





FERROELECTRICITY IN 


+(vvv) ; 60 at +(xyz), +(ysx), +(sxy). The isomorphs 
which have been reported, according to Wyckoff® and 
Strukiurbericht, are given in Table I. 

The so-called “ideal” case of the ilmenite structure 
arises if the above five parameters can be reduced to 
two, as follows: u=}-+-w' ;0=}—u'; x=}+0'; y=}-17; 
z=}. An inspection of the values in Table I shows 
that these equations are quite well satisfied in all 
instances for which data are available, and so we shall 
assume that they hold for lithium tantalate also. In 
the actual computations described later in this paper 
the values u’/=1/12, v'=1/3 (ie, u=1/3, 1=1/6, 
x=7/12, y=—1/12, z=1/4), a=56°, ao=5.48kx were 
used. These last parameters are those of the “ideal” 
corundum structure, the corundum structure being the 
structure to which the ilmenite structure reduces when 
the metal ions are the same rather than of two different 
kinds. A closer examination shows that the use of these 
values rather than the slightly different ones given in 
the above table introduces a negligible error. 

The unit cell is shown in Fig. 1, with the ions indi- 
cated by spheres of the appropriate ionic radius."' Both 
lithium and tantalum ions are small, the former because 
the nuclear charge is low and the latter because the 
excess nuclear charge is great enough to pull the orbital 
electrons in close to the nucleus. The oxygen ions, on 
the other hand, are relatively large, for the nuclear 
charge is less than that on the orbital electrons. The 
structure is best visualized as a slightly distorted hexa- 
gonal close packing of the oxygen ions, as shown in 


Fic. 2. Detail near the plane z=0. 


®R. W. G. Wyckoff, Crystal Structures (Interscience Publishers, 
Inc., New York, 1948), first edition, pp. V, a5 and VA, 6. 

°C. Gottfried and F. Schossberger, Sirukturbericht (Akad- 
emische Verlagsgesellschaft, Leipzig, 1937), first edition, Vol. 3, 
p. 379. 

"Linus Pauling, The Nature of the Chemical Bond (Cornell 
University Press, Ithaca, New York, 1948), second edition, p. 346. 
The conventional crystal radii of the ions are r(Li*)=0.60A, 
r(Nb**)=0.70A, and r(O-*)=1.40A. Tantalum is not listed, 
but the practically identical molar volumes of metallic niobium 
and tantalum make it seem quite likely that the volumes of the 
ionic cores are approximately equal. (The molar volume of the 
heavier metal tantalum is, in fact, slightly less than that of the 
lighter metal niobium.) 
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Fic. 3. Oxygen environment 
of tantalum at (3). 


Fig. 2, with one-third of the interstices occupied by 
lithium ions, one-third by tantalum ions, and one-third 
unoccupied. The oxygen environment of the tantalum 
ion at ($33) is shown in more detail in Fig. 3; that of 
the lithium ion at (434) is similar, except for a rotation 
through an angle of 180° about the axis S.. 


3. THE FREE ENERGY OF THE METAL IONS 


We begin by considering the crystal at a temperature 
above the upper Curie point. The temperature motion 
of the ions then overcomes the tendency for spontaneous 
polarization, and the average values of the nuclear 
coordinates are just those of the ideal ilmenite structure, 
as given above. Each lithium ion is surrounded by six 
oxygens, located at +(5a:+a2—3a;3)/12, +(—3a,+5az 
+a3)/12, and +(a;—3a2+5a;3)/12 with respect to it, 
the Li—O distance being 2.06A. The tantalum environ- 
ment is the same except for a rotation of 180° about 
the trigonal axis. 

The effect of the oxygen ions on the motion of the 
metal ion which they surround can be treated by 
setting up an equivalent potential in which the metal 
ion moves. Using a rectangular coordinate frame” with 
origin at the metal ion in question, the potential 
energies of the lithium and tantalum ions (and, for 
future reference, of the oxygen ions) become 


oui(x, ¥, 2) =ai(x*+y") +00? +b)(2? +9")? 
+ 2bo(x?+-y")2?+ byz*+ byzar(x?— 3"), 


ora(x, y; z) on. 1(x?-+ y?) +A 22+ By(x?+ 9")? 
+2Bi(a-+y")2-+ Bys!— Beax(x*—3y2), (2) 


do(x, y, 2) =C(P?+y¥+2"). (3) 


If the electric field strength does not vanish at the 
position of the ion, the above expressions must be 
augmented by —(gr+aE)-E+}aE*, where q is the 
charge on the ion at r, a is its electronic polarizability, 
and E is the local field strength. The term — (qr+aE)-E 
is the energy of a dipole of moment gr+aE in the field, 


(1) 


% The convention is that of W. Voigt, Lehrbuch der Kristall- 
physik (B. G. Teubner, Leipzig, Germany, 1910), first edition, 
p. 750. The Z axis is in the direction a:+az+as; the YZ plane 
contains a, with +¥Y in the same half-plane as a2; and the X 
axis completes a right-handed coordinate frame. 
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gt being the ionic displacement dipole and aE the 
induced dipole, and the term }aE is the energy of the 
polarized ion above its unpolarized state. We shall 
postpone until later a discussion of the dependence of 
E on the applied field E°. 

The oxygens are the largest ions in the lattice, and 
provide, so to speak, the framework with respect to 
which the other ions move. Equation (3) above is 
introduced largely as a formality, to allow the oxygens 
to be treated on the same basis as the metal ions. 
Ultimately the coefficient C will be made very large, 
which corresponds to localizing the oxygens; when this 
is done C drops out of the expression for the free energy 
of the crystal. 

The free energy is obtained by a straightforward 
application of classical statistical mechanics, and is the 
sum of three partial free energies, one of .V lithium ions, 
one of .V tantalum ions, and one of 3.V oxygen ions. 
For example, the first of these has the following form: 


Agui=fril(T)—4N {Late /2ai.— (¢?/2a;7)(46;/a1 
b-bo/as)kT E2+E,)+[at¢?/2a2 
— (g?/2as*)(2b2/a;+3b3/a2)kT JEL} 
+ (Vg'b,/16a;')(E2+E,2)? 
+ (Ng'b,/8a;2a;?)(E2+E,2)E? 
T (Na'bs 16a,')E,4 
+ (Nq*by/16a;%a.\E,EAELZ—3E/7) (4) 
— NRT In (er®*T*/ NA°) (2mz;)?/(a2a2)!] 
+.N(RT)*(2b,/a;?+b2/a;a2+3b3/4a,"). (5) 


fri(T)= 


In these equations the local field strengths E; have been 
treated as independent variables, and the total dipole 
moment of each type of ion is obtained: from the 
thermodynamic equations 


VPai= —(0Ax;:/0Ezi)7, (6) 


etc." There is properly, however, only one independent 
electric field strength, the external field E°, and the 
thermodynamic function which is most useful is the 
free energy expressed in terms of the external field and 
temperature, Ax. In particular, the total polarization 
P® is to be derived from Ag by using the thermody- 
namic formulas 


VP,°=—(0A 2/0E,")7, (7) 


etc. The total polarization is, however, just the sum of 
the partial polarizations, 


P°= Pi+Pr.t+Po; (8) 


and if in the partial polarizations from Eq. (6) the 
local field strength E; is expressed in terms of the 
external field E°, we can integrate Eq. (7) directly, 
thus getting Age. It remains, therefore, to express the 

18 VY is the volume of the crystal of N LiTaO;’s and is equal to 
4.N 00 in terms of the volume of the unit cell v, the factor } entering 
because there are two LiTaQs per unit cell. 
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local fields E; in terms of the external field E®, and to 
this we turn our attention in the next two sections. 


4. THE LOCAL ELECTRIC FIELD IN A CRYSTAL 
LATTICE OF EQUAL DIPOLES 


Consider an infinite array of dipoles, each of moment 
p, located at the lattice points of a simple translational 
space lattice with repeat vectors a), a2, and a3. The 
electric field strength E(r) at an arbitrary location r in 
the crystal is then obtained in a standard way by 
differentiating the potential of a similar array of point 
charges. This latter potential is best computed by 
Ewald’s method,'* used here in the form given by 
Born.” The resulting expression for the field is 


E(r)=@-p, (9) 


where ® is a dyadic operator obtained from the Born 
expression for the potential ¢porn by applying the 
gradient operator twice: ®=VV¢porn. After some 
mathematical manipulation, the dyadic ® can be 
expressed in the following form, which is the form 
actually used in making the calculations described 
below: 
3B,.B,—B,2I 
€o0o = 31—4 >’ —__—_—_ 
: B,2 
Xexp(— 2°B,2/A*) cos2rB,-r 


Pe 
4a n 


3(r—r,,)(r—r,)—(r—r,)?1 


r—r,|° 


XF(A|r—rnal). (10) 
In this equation I=a,b,;+a2b.+a;b; is the identity 
dyadic; b; is the set of vectors reciprocal to a;(a;-b; 
=6,;); B,=mn,b;+n.b.+n3b3 is a reciprocal lattice 
vector; f,= ma; +N2a2+n3a; is a direct lattice vector, 
and F is given by 


F(x) = (8/34 nf “exp(—F)dt, 


z 


which is easily reducible to a tabulated function.'® The 
prime on the first summation sign indicates that the 
single term ”;=n:=n3=0 is to be omitted. MKS units 
are used here; if gaussian units are desired, the permit- 
tivity of empty space, €o, is to be replaced by 1/47. 
A is the “separation constant,’’ upon which the two 
sums separately depend but ® does not depend. The 
computations were carried out for twe values of A, 
namely A=2/a and A=v2/a (a the lattice constant), 
and the two values differed by no more than 10~® in 


“4 P. P. Ewald, Ann. Phys. 64, 253 (1921). 

‘8M. Born and M. G. Mayer, Handbuch der Physik (Verlag. 
Julius Springer, Berlin, Germany, 1933), second edition, Vol. 24, 
p. 710. 

6 Tables of Probability Functions (Government Printing Office, 
Washington, D. C., 1941), first edition, Vol. I. 
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all cases. Because of the automatic check provided by 
the method we can have considerable confidence in 
the results. 

® is infinite at r=0, reflecting the fact that the field 
E is infinite at each lattice point. It is easy to show 
that the dyadic which gives the field at a lattice point 
from dipoles at all other lattice points is just ® with 
the r,=0 term in the last sum omitted. This dyadic 
will be called &’(000). 


5. THE LOCAL ELECTRIC FIELD IN THE CRYSTAL 


Equations (9) and (10) of the preceding section give 
the local field E(r) at any point in a lattice of dipoles, 
r being the vector from a point at which a dipole is 
located to the point at which the field is desired. For 
the purposes of the present calculation we do not need 
the field throughout the unit cell, but only at the 
positions of the ions. Thus if we are considering the 
dipoles of moment p,, located on the lattice which has 
an origin at r; with respect to the crystal unit cell, and 
we desire the field at the position of another ion rj, 
then this field is given by E(r,;)=@(r,;)-p; where 
r,;=1r,—1;. The total field at position r; is therefore the 
sum of E(r;;) for all ten lattices 7 (one for each ion in 
the unit cell), augmented by the external field E°. It is 
desirable to introduce a new dyadic D,;= eove®(r;;) in 
place of ®, and the partial polarization of the jth 
lattice of ions P;= p;/v in place of the dipole moment 
p;; when this is done, the equation for the local field 
strength reads 


10 
€9E;= 6 E°+> D,;-P;. (11) 


j=l 


This equation in conjunction with Eq. (6), which gives 
P; in terms of E;, enables each P; to be expressed in 
terms of E®, and hence, gives the total polarization P° 
in terms of E°. 

Equations (11) contain a hundred dyadics Dj; 
= D(r;;). The arguments r;; of the dyadics D are given 
by all sets of differences between the position vectors 
of the ions in the unit cell. These dyadics are of course, 
not all independent, and it is found that with the aid 
of the following two rules, easily derivable from Eq. 
(10), al! dyadics may be obtained from six essentially 
different dyadics. 

Rule I: The dyadic is invariant under inversion: 
D(xys) = D(z92). 

Rule II: Let D(x yx2x3) = Do aici;(x1x2x3)bj. Then 
D(x pc xp) X Pay) = Ail Pci) Pj) (XX 2%) pj. Here P isa 
permutation operator on three symbols (in this case the 
subscripts 1, 2, and 3); that is, an operator which 
replaces 1, 2, and 3, by some rearrangement of them. 

The six essentially different dyadics are the following: 
(a) D’(000), which gives the 2" in any ion from all 
other ions on its lattice; (b) D(2, 3, $), which gives the 
field on tantalum from neighboring lithium ion, and 
vice versa; (c) D(4, 4, 3), which gives the field on one 
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TABLE II. Standard dyadics for six essentially different positions 
ina rhombohedral unit cell with a= 56°. 


0.333333 c(x) 
c(x) 0.333333 
c(x) c(x) 


— 0.109429 
0.031833 
0.767171 





c(x) 

c(x) 
0.333333 
nao | 


D(xxx) ig 


0.027067 
1.218858 


brits | 


D&G, —t, -| 
0.767171 


0.179461 
— 0.596318 
0.048894 


 —2,029088 
D(5/12, —1/4, 1/12)=] — 1.517674 — 0.718488 


0.458462 — 0.432770 











= — Bw matrix c(x) has these values: c(O) = —0.021317; ¢(1/6) 

(1/3) = —0.372748; c(1/2) =0.042006. The elemente of the 

oun aaaen are the coefficients cij(xixexs) of the dyadics expressed in 
the form D(xixexa) = Daicij(xixexs) bj. 


metal ion in the unit cell from the other similar ion, 
and also the field on an oxygen ion from its two nearest 
oxygen neighbors in the unit cell; (d) D(}, 3, 3), which 
gives the field on a lithium from the tantalum which is 
body-centered with respect to it, and vice versa; (e) 
D(é, —%, 3), which gives the field on an oxygen ion 
from the three oxygens “ the unit cell which are next- 
nearest neighbors; and (f) D(5/12, —1/4, 1/12), which 
gives the field on any a are ion from any oxygen, and 
vice versa. These dyadics are given in Table II. 

The internal field Eqs. (11) can be simplified asd 
partially solved simply by taking linear combinations 
suggested by the point-symmetry of the unit cell. Only 
the results of the solution will be given here, however.” 
When the external field is along the trigonal axis, the 
lithiums and tantalums interact strongly, with a Lorentz 
factor 1.044 instead of 4. The lithium-lithium and 
tantalum-tantalum interactions are small. The oxygens 
(considered as a group) have about the normal Lorentz 
factor for their interaction with themselves and with 
both types of metal ions. When certain details of the 
oxygen interaction are considered, however, we get 
large Lorentz factors relating the field at the metal ions 
in the direction of the applied field to the components of 
the oxygen polarization perpendicular to the applied 
field. (This is a different situation from that met in 
barium titanate, where all polarizations are parallel to 
the applied field when the latter is along one of the 
crystal axes.) The most important single factor in the 
ferroelectricity of lithium tantalate, however, is un- 
doubtedly the high density of oxygen ions (twenty 
percent greater than that of barium titanate), the 
oxygens of course being highly polarizable. 

For the polarizability of the oxygen ion we have the 
following estimates: (a) Fajans and Joos,'* on the basis 

1 The steps in the solution are instructive in that they show 
the details of the interactions between lithium, tantalum, and 
oxygen polarizations. A more complete description i is found in the 
author’s report, “Ferroelectricity in the Ilmenite Structure” 
(Technical Report No. 1, Solid-State and Molecular Theory 
Group, Massachusetts Institute of Technology), obtainable on 
request from the Department of Physics, Massachusetts Institute 
of Technology. This report also treats other parts of this paper 
in greater detail. 

18K. Fajans and G. Joos, Z. Physik 23, 1 (1924). 
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of the refractivities of ions in solution, found ao/eo 
= 34.6A'; (b) Pauling,’® working from a quantum me- 
chanical formula for the polarizability of a free ion and 
the observed values of absorption frequencies and 
oscillator strengths (which enter the formula), found 
ao / €o= 48.7A*; (c) Slater,® assuming polarizabilities of 
barium and titanium found by Anderson and Shockley 
from an intercomparison of the refractivities of many 
crystals, computed the value of the oxygen polariza- 
bility needed to reproduce the optical dielectric constant 
of barium titanate, and found ao/¢)=30.0A°*. In addi- 
tion to these literature values, we have applied Slater’s 
method to crystalline Li,O, as described in the appen- 
dix, and find the value ao/¢=25.1A*. Considering 
these values, we have adopted Slater’s choice ao/€o 
= 30.0A# as the basis for our subsequent calculations. 
It is convenient also to introduce the dimensionless 
quantity Xo=ao/éot, the numerical value of which is 
().284, as well as X,; and Xr, defined similarly. 

The final step in our procedure is to write Eqs. (6) 
and (4) in the form P.rii=X.1i-éoE.1it+(terms in 
E.,:;5), which gives for the local field strength in second 
approximation ¢.1i1= P.trin/X.1 +(terms in P,1i*), 
with similar results for tantalum. Making this substi- 
tution for the local field strengths E,1;1, etc., we get 
the following set of equations: 


aPy8+(X1i7'— 1.761) Pri—3.392Pry=4.395€0E° (12) 
dPy b+ (X ra — 1.761) Pra—3.392P1i=4.395 eH (13) 
P°=4,283€,E°+1.198(PLitPra) (14) 


(a and d are small terms which are given in the technical 
report referred to earlier). 

The condition for ferroelectricity, of course, is that 
the polarization be nonzero in vanishing external field. 
In mathematical terms, this means that the determinant 
of the coefficients of the linear terms Pj; and Pr, in the 
first two equations above must vanish. This gives a 
relationship between X,; and Xz, which depends 
primarily on the sum of these two quantities and only 
slightly on their ratio. As an example of this dependence 
we present the following table (using the total polar- 
izability a): 

OTe ‘asritt= 1 2 4 10 
(a,Ta***+az1i*") ‘69 = 40.9 42.1 45.2 50.4 A} 


The above equations and table refer to the case of 
polarization along the trigonal axis. A similar calcula- 
tion for the perpendicular direction shows that the total 
polarizability would have to be fifteen percent higher 
for spontaneous polarization to occur in this perpen- 
dicular direction. This indicates that the permanent 
polarization would be expected to have the direction 
of the trigonal axis, provided that the coefficients in 
the potential function for the metal ions are not greatly 
different for the directions along and perpendicular to 


19 |. Pauling, Proc. Roy. Soc. (London) A411, 191 (1927). 
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this axis. This is the behavior which might have been 
expected, but it is gratifying to see that our model 
predicts this behavior. 

Let us now look more closely at the total polariza- 
bilities which enter the above “critical equation’’ for 
ferroelectric behavior. This total polarizability consists 
for each metal ion of an electronic and an ionic part, 
of course. For lithium the electronic part is small; in 
Appendix I we adopt the value 0.75A* for axi/e. The 
electronic polarizability of tantalum can be estimated 
in the following way: Guentherschulze and Keller? 
report that K=11.6, m’=11.6 for Ta2Os5 of specified 
density. The crystal structure is not known, and so the 
best we can do is use the Clausius-Mosotti equation to 
obtain the sum of the polarizabilities. (This, of course, 
is equivalent to adopting a Lorentz factor of one-third 
throughout.) Subtracting the value of the oxygen 
polarizability used above, we obtain the result ars/eo 
= 28.7A%. This polarizability is all electronic in nature, 
for the Maxwell relation K=n? was found experi- 
mentally to hold. 

Upon subtracting the electronic polarizabilities of 
tantalum and lithium from the total polarizabilities 
given in the above table, we find for the sum of the 
ionic polarizabilities (denoted by a prime) (a’:tTa 
+’ ,1i)/¢= 11.54% to 15.8A*. We shall not attempt to 
break this down further, but merely note that this is a 
reasonable value to expect for the ionic polarizability. 
For example, Slater found in his analysis of barium 
titanate a’7;/¢9=12A*. Furthermore, the displacement 
of the oxygen ions in lithium tantalate from the hexa- 
gonal close packing arrangement discussed in the section 
on crystal structure is such as to allow greater freedom 
of motion of the metal ions parallel to the trigonal axis. 
We conclude, therefore, that the model used in this 
paper is capable of explaining the ferroelectricity of 
lithium tantalate with reasonable values of the assumed 
parameters. 

6. THE FREE ENERGY AND SPONTANEOUS 
POLARIZATION 


We are now in a position to integrate the equation 
for the free energy A x, for the special case (of greatest 
interest) of applied field along the trigonal axis of the 
crystal. Equation (7) gives 


A p(E,°= E,°=0)=— v f Poeandry. 


If Pr, from Eq. (12) is substituted into Eq. (13), we 
can solve for P1; in terms of E°, and similarly for Pra 
in terms of E°. Equation (14) then gives P® as a function 
of E°. These equations are given in more detail in the 
technical report referred to in an earlier footnote. For 
the special case of zero external field the equations 
simplify and the spontaneous polarization can be ex- 
pressed in terms of the coefficients of the potential 


20 A. Guentherschulze and F. Keller, Z. Physik 75, 78 (1932). 
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functions for the metal ions. These are not known, but 
on the assumption that certain of the coefficients are 
equal the expression for the spontaneous polarization 
simplifies with the result P°=0.02(7)>— 7)! coulomb m~. 
Matthias and Remeika‘ found a maximum spontaneous 
polarization of about 23 microcoulombs cm~*, with 
which this estimate is in satisfactory agreement, sug- 
gesting a critical temperature 7) in the neighborhood 
of 600°C or higher. It must be emphasized that we 
present here little more than an order-of-magnitude 
estimate, based on the equating of certain coefficients 
of Eqs. (1) and (2) which are not actually equal, but 
only of the same order. For the region above the upper 
Curie point, the same equations give a dielectric con- 
stant of the order of 10°/(7—T >). Experiments have 
not yet been made in the latter temperature region. 
Both the spontaneous polarization and the dielectric 
constant expressions have the expected form, of course, 
and the coefficients themselves are in the same range 
of values as have been found for other ferroelectric 
materials. 

The author is greatly indebted to Professor J. C. 
Slater, who suggested this problem and offered much 
helpful advice during its study. He also wishes to thank 
his wife, Fronie French Schweinler, for performing 
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APPENDIX 
The Polarizability of Oxygen in Li,O 


Lithium oxide, Li,O, has a cubic space lattice with ao=4.61A. 
The space group is O45, and there are four LizO per unit cell. 
The structure is the fluorite (CaF:) structure. In this structure 
all ionic positions are determined from the symmetry alone; that 
is, there are no free crystallographic “parameters.” When equa- 
tions like Eq. (11) are written, with the dyadics D,; appropriate 
to this structure, and the left-hand sides ¢E; are set equal to 
P;/X;, it is found that the Lorentz factor of } is strictly justifiable 
for the total polarization of both types of ions in the fluorite 
structure. Using the Maxwell relation K =n* between the dielectric 
constant K and the index of refraction m, we find that 8X xi 
+4X 0 =3(n?—1)/(n®+-2) or (2arit+ao)/eo= 3ao%(n?— 1) /4(n?+2) 
== 26.6A3, where n= 1.644 (for visible light) was used in evaluating 
the constant. The polarizability of the two lithiums is very small, 
and so this is essentially the polarizability of the oxygen ion alone. 
Perhaps the best estimate of the lithium polarizability is that of 
Bragg," who found from the index of refraction of the alkali 
halide crystals a@zj/e9=0.75A*. This in conjunction with the 
above leads to the value ao/¢9=25.1A*. 


1 W. L. Bragg, The Crystalline State (G. Bell and Sons, London, 
1949), first edition, Vol. I, p. 182. ¢ 
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Total Cross Sections for 14-Mev Neutrons*t 
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Brookhaven National Labratory, Upton, New York 


(Received December 3, 1951) 


With deuterons from the electrostatic generator of the Department of Terrestrial Magnetism incident on 
a tritium-zirconium target, and with the neutrons detected by a terphenylxylene scintillator and photo- 
multiplier, total cross sections of C, H, D, O, and N for 14.10+0.05 Mev neutrons were measured. The 
effective neutron energy was evaluated from the kinematics of the T(d,n)He* reaction, the dependence of 
the reaction’s cross section on energy and angle, and the multiple scattering of the deuterons and their rate 
of energy loss in the target. A least squares analysis of the transmissions of six thicknesses each of carbon and 
polyethylene (40 to 85 percent transmissions) yielded, for total cross sections ¢ in barns: ¢¢ = 1.279+-0.004 
and oy =0.689+0.005. Transmissions of light and heavy water gave op = 0.803+0.014 and ¢9 = 1.64+0.04. 


Transmission of melamine gave ox = 1.7+0.1. 


I. INTRODUCTION 


F an analysis of neutron-proton interactions is not 
to be seriously complicated by either relativistic 
effects or the presence of nonzero angular momentum 
states, the neutron energy should not greatly exceed 
15 Mev. At this energy, capture is negligible, so that the 
total cross section is purely a scattering cross section. 
There have been a number of measurements of total 
cross sections for 14-Mev neutrons, for a number of 


* Research carried out under the auspices of the AEC. 

+ A brief account of this work was presented at the Chicago 
meeting of the American Physical Society, October, 1951. 

t Now at Hudson Laboratories, Columbia University, Dobbs 
Ferry, New York. 


elements,'~* and while all of the earlier work shows a 
neutron-proton cross section of about 0.7 barn, the 
state of the technique was such as to leave considerable 
spreads in the values of both the cross section and the 
relevant energy. The advent of d,T neutrons has made 
it feasible to reduce these spreads markedly, as appears 
in the work of Meyer and Nyer® and in the work we 

1 Salant, Roberts, and Wang, Phys. Rev. 55, 984 (1939). 

2 FE. O. Salant and N. F. Ramsey, Phys. Rev. 57, 1075 (1940). 

* Ageno, Amaldi, Bocciarelli, and Trabacchi, Phys. Rev. 71, 
20 (1947). 

*W. Sleator, Phys. Rev. 72, 207 (1947). 

5A. H. Lasday, Phys. Rev. 81, 139 (1951). 
( a I. Meyer and W. Nyer, Los Alamos Report No. 1279 
1951). 
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Fic. 1. Geometrical arrangement of the experiment. Deuteron 
beam is incident at source spot at an angle of 89.27°+0.1° with 
direction of observation. 


report here, which was being carried on concurrently. 
These values are in essential agreement ; the somewhat 
higher accuracy claimed for our values is the result of, 
perhaps, the choice of a more efficient detector. Whereas 
Meyer and Nyer, like the earliest workers in this 
region,'~* used Cu(n,2n) radioactivity, we used a thick 
hydrocarbon scintillation counter. 

The following account describes the measurements of 
total cross sections of H, D, C, N, and O. In the first 
three elements a special effort to attain high accuracy 
was made. A theoretical analysis of the n—p value by 
one of us (G.A.S.) is made in the accompanying article.’ 


II. METHOD AND APPARATUS 


The cross section of a substance was determined from 
the measurement of the transmission of several dif- 
ferent thicknesses. Figure 1 illustrates the geometrical 
arrangement in the horizontal plane. 

The source of neutrons was the reaction T(d,n)He’*. 
A 400+1 kev deuteron beam was obtained from the 
small electrostatic accelerator of the Carnegie Insti- 
tution’s Department of Terrestrial Magnetism. The 
beam was collimated, through a diaphragm, and was 
incident at an angle of 15° from the vertical on a thick 
zirconium-tritium target. The direction of observation 
formed an angle of 89.27° (+0.1°) with the deuteron 
beam, the mean neutron energy then being 14.10-0.05 
Mev (see Appendix I). 

The target area from which the neutrons originated 
was determined by substituting a zinc sulfide screen for 
the zirconium-tritium target, the spot struck by the 
deuteron beam being visible through a window in the 
target assembly. The diameter of the neutron source 
projected in the direction of observation was about 
3 mm. The neutrons were monitored by counting 
the alpha-particles with a proportional counter viewing 
the whole target area; the counter voltage was supplied 
by dry batteries. 

The neutrons were detected by means of a liquid 
scintillation counter consisting of a cylindrical glass 
cell 4 cm in diameter and 2.5 cm long, filled with 
a solution of terpheny]l in xylene* (5 g/liter) and 
cemented to an RCA 5819 photomultiplier operated at 
1000 volts. The characteristics of counters of this type 
for the detection of neutrons have been described 
previously.’ Pulses from the photomultiplier passed 
through a cathode follower stage and then through a 
60-foot cable to an Atomic Instrument Company Model 

7G. A. Snow, Phys. Rev. 87, 21 (1952). 

§ Reynolds, Harrison, and Salvini, Phys. Rev. 78, 488 (1950); 


H. Kallmann and M. Furst, Phys. Rev. 79, 857 (1950). 
® Falk, Poss, and Yuan, Phys. Rev. 83, 176 (1951). 
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204-B amplifier and were counted with a Model 101-M 
scaler. A Sorenson voltage regulator was used to mini- 
mize effects of line fluctuations on amplifier gain and 
on discriminator bias voltage, i.e., the voltage which an 
input pulse to the scaler had to exceed in order to 
trigger the discriminator. The output voltage of the 
regulated power supply for the photomultiplier was 
monitored with an electrostatic voltmeter with de- 
tectable deviations of about 0.5 volt in 1000 volts. The 
discriminator bias voltage was also monitored to insure 
its constancy, to within 0.1 percent. 

Measurements of the dependence of counting rate on 
the above voltages showed that variations in counting 
rate which could arise from unnoticeable changes in the 
above voltages would be less than 1 percent. The same 
conclusion held for the alpha-monitor. Its counting rate 
as a function of its amplifier discriminator setting was 
determined with the scintillation counter, in this case, 
serving as monitor. 

The advantage of the detector for this experiment is 
its high efficiency for fast neutrons. It is not directional, 
however, so that it responds to neutrons scattered into 
it from the surroundings. Such neutrons are of lower 
energy than those in the direct beam and can be dis- 
criminated against to some extent by biasing, and, 
furthermore, this background is constant for a fixed 
arrangement and can be determined accurately. It was 
evaluated by placing midway between source and 
detector a 33-cm tapered copper cylinder having a cal- 
culated transmission of 0.04 percent for 14-Mev neu- 
trons. At our operating bias and with a 100-cm source- 
to-detector-distance, the ratio of scattered to direct 
neutrons was about 5.5 percent. This ratio was also 
measured at a 75-cm source-to-detector-distance, the 
100-cm ratio being greater than the 75-cm ratio by a 
factor equal, within the statistics of the measurement, 
to (100/75)*, which would be expected if we are dealing 
with a point source of neutrons plus a background 
independent of position. This result also shows that no 
gamma-rays from the copper were affecting the scintil- 
lation counter. 

The detector efficiency was about 5 percent as deter- 
mined from the alpha-monitor counting rate, an 
efficiency considerably greater than realized with the 
detectors used in the previous measurements in this 
energy range.'~5 Measurements could thus be made in 
a relatively short time, reducing the effect of long-time 
fluctuations. The high efficiency also makes possible a 
good geometrical arrangement so that corrections for 
the scattering of neutrons into the detector by the 
scatterer are small. 


III. MEASUREMENTS 
A. Carbon and Polyethylene 


The transmission of six thicknesses of carbon and six 
thicknesses of polyethylene were measured to determine 
their respective total cross sections, the transmission of 
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the scatterers ranging from 40 to 85 percent. The scat- 
terers were in the shape of accurately machined trun- 
cated cones having median diameters of 2.54 cm and 
tapers of 1.5° to match the divergence of the neutron 
beam. In length, they ranged from 1.6 cm to 8.9 cm. 

The carbon was in the form of grade AGHT graphite 
specified to be 99.96 percent pure. To determine if it 
had an appreciable water content, a sample was heated 
in vacuum to 115°C for 15 hours. Its loss of weight 
amounted to less than 0.015 percent. The polyethylene 
was chemically analyzed with a macro method, em- 
ploying 1 to 1.5 g samples, by R. Paulson of the 
National Bureau of Standards. The hydrogen content 
of the sample was found to be 14.365+0.010 percent, 
which checks the theoretical (corresponding to CH») 
hydrogen content of 14.372 percent. The carbon content 
agreed with the theoretical value to better than 0.1 
percent, and the absence of traces of impurities was 
established with the same precision. This result was 
confirmed by an infrared spectroscopic analysis carried 
out by Mr. R. G. Fulton of the Bakelite Company. This 
analysis determined the number of terminal methylene 
groups (one extra hydrogen) to be about 1 per 1500 
carbons and the number of internal unsaturated bonds 
(2 fewer hydrogens) to be about 1 per 4000 carbons. 
Furthermore, no trace of any impurities was found. 

The area of the neutron source was mentioned in the 
previous section. The scatterers were supported by a 
thin aluminum tray mounted on a length of 4.3-mm 
diameter aluminum tubing of 0.8-mm wall thickness. 
The presence of the support did not produce any de- 
tectable effect on the measurements. Scatterers and 
detector were aligned with the aid of a cathetometer. 
In the alignment procedure, a hollow dummy scatterer 
of the same median diameter and taper as the regular 
scatterers was used. It was fitted with a set of cross- 
hairs at each end so that the scatterer support could be 
adjusted in angle as well as in height. After this was 
done, the detector was placed in position. The center 
of the face of the glass cell containing the terphenyl- 
xylene solution was aligned with the aid of a locating 
pin and markings on the detector assembly which could 
be viewed through the cathetometer telescope. The 
centers of the source, scatterers, and detector deviated 
by less than 0.5 mm from the same straight line. The 
detector diameter of 4 cm was thus well within the 
shadow cone of the scatterer, which was 5 cm in diam- 
eter at the detector position. 

The 33-cm copper cylinder used to determine the 
background was fitted with locating pins so that it, too, 
could be accurately aligned. Of necessity, it was sup- 
ported by a heavier piece of tubing than used for the 
scatterers. However, the long length of copper itself 
shielded the holder from both source and detector so 
that it could not scatter neutrons into the detector, 
and in actual fact, no effect of the heavy holder on 
counting rate could be detected. 

A fixed number of neutron counts and the corre- 
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TaB.e I. Observed and corrected transmissions for different 
carbon and polyethylene scatterers (thicknesses in units of number 
of carbon atoms/cm*). Errors of transmissions are stated in text. 





Observed Corrected 
Sea oll tr er) 





Substance nox/10™ tr 


0.8409 
0.7753 
0.6909 
0.6190 
0.5396 
0.3820 


0.1332 
0.1984 
0.2927 
0.3726 
0.4806 
0.7545 


Carbon 


0.8517 
0.7866 
0.6939 
0.6347 
0.5520 
0.3920 


0.8520 
0.7871 
0.6945 
0.6354 
0.5528 
0.3929 


0.06280 
0.09271 
0.1376 
0.1746 
0.2247 
0.3534 


Polyethylene 


sponding number of alpha-monitor counts were recorded 
for each scatterer. Blanks, i.e., measurements with no 
scatterer in the beam, were made before and after 
each measurement with a scatterer, the relative trans- 
mission for each scatterer being determined by using 
the mean of neighboring blanks, to minimize slow 
fluctuations of several percent in the ratio of neutron 
to alpha-monitor counts, which were sometimes ob- 
served under fixed conditions. The exact cause of these 
fluctuations is not known, but they may have been the 
result of slight physical changes in the target, such as 
the deposition of a carbon layer by the action of the 
beam. 

Nine independent runs were made on each poly- 
ethylene scatterer and six on each carbon scatterer. 
About 20,000 neutron counts were accumulated in each 
run, the number of monitor counts being greater by 
factors of about 2 to 5, depending on the scatterer. The 
probable error of any one value of transmission based 
on the number of detector and monitor counts entering 
into its calculation is in the range of 0.2 percent to 0.3 
percent. The probable error as determined from the 
deviations of the independent runs from the average for 
any one value of transmission is in the range of 0.2 
percent to 0.4 percent. Background measurements with 
the copper absorber were interspersed throughout each 
run. A day-to-day correction for the cosmic-ray back- 
ground of the detector was made, never amounting to 
more than 0.3 percent. 

The relative transmission, 7, as a function. of ab- 
sorber thickness is given ideally by the relation 


T= e7o"= 


where g is the total cross section and nx is the absorber 
thickness in atoms/cm?. Because of the finite dimensions 
of the detector and scatterers, neutrons can be scattered 
into the detector from the scatterer, resulting in a 
transmission higher than that given by the above ex- 
pression. Correction for this effect, shown in Appendix 
II, is largest for the thickest scatterer for which, in our 
geometrical arrangement, it amounted to only 0.2 
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Tase II. Summary of carbon and hydrogen cross section meas- 
urements in the 14-Mev neutron energy range. 


Neutron energy Neutron cross section in barns 


Observers Mev ( H 


0.70+0.06 
0.66+0.07 
0.694+0.0198 
0.69 
1.24+0.06 0.77+0.04 
1.29+0.02 0.675+0.02 
1.279+0.004 0.689+0.005 


1.27+0.04 
1.36+-0.05 
1.2340.015 
1.30 


Salant and Ramsey* 


Ageno ef al.” 
Sleator®4 
Lasday* 

Meyer and Nyer' 14.2 
Present paper 14.10+0.05 


® See reference 2 

» See reference 3 

* See reference 4 

4Sleator made measurements at mean neutron energies ranging from 
6.5 Mev to 21.1 Mev. The values at 14 Mev are taken from his plots of 
cross section vs energy which also include data obtained by others in 
previous measurements 

© See reference 5 

! See reference 6. 

« If we use our value of ec, the value of og from the data of Ageno et al. 
is 0.673 +0.020 b. 


percent. Transmissions of cylinders of greater width 
than the truncated cones were also measured. With 
diameters ranging from 3.8 to 5.1 cm, there was only 
random departure, within the 1 percent accuracy of 
these measurements, from the narrow-cone results, con- 
sistent with the calculations of the Appendix. 

Table I gives the observed and corrected transmission 
for polyethylene and carbon. In Figs. 2 and 3 the 
fogarithms of the transmissions are plotted against 
absorber thickness in atoms of carbon/cm? for both 
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Carbon transmission vs scatterer thickness in units of 
number of carbon atoms/cm?. 
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substances. (In addition, transmissions were measured 
with a 75-cm source-to-detector-distance ; these differed 
from the measurements at 100 cm distance by less than 
the probable error of about 0.5 percent.) For a carbon 
or polyethylene scatterer of length x, the number of 
carbon atoms/cm? is 


(V/A)(M/V)x, 


where V is Avogadro’s number, A the atomic weight of 
carbon or the molecular weight of polyethylene, M the 
mass, and V the volume of the scatterer. V was com- 
puted from the measured dimensions to within 0.15 
percent, and as a check by weighing some of the scat- 
terers in air and in water. The two methods agreed to 
less than 0.3 percent when the weights were reduced 
to weights in vacuum. It should be pointed out that 
since the length appears as a factor in the volume, it, 
together with any error in its measurement, cancels out 
of the above expression for the number of atoms/cm? 
when the volume is calculated from the dimensions of 
the scatterer. 

The slopes of the straight lines through the sets of 
points in Figs. 2 and 3 are —oc and —(¢c+2en) for the 
carbon and polyethylene, respectively. The lines and 
the probable errors in their slopes were determined by 
the method of least squares,'® in which errors were 
attributed solely to the transmission values. This pro- 
cedure was justified, since these errors were considered 
to outweigh the errors in nx. 

The results for the total cross sections at 14.10+0.05 
Mev are 

oc= 1.279+0.004 b, 
from which 


oc+2on = 2.657+0.009 b, 


oH =0.689+0.005 b. 


For comparison, results in this energy range are 
presented in Table II. 


B. Deuterium 


The total cross section of deuterium was determined 
by measuring the transmission of a hollow aluminum 
cell alternately filled with light and heavy water. The 
cell was 7.3 cm long, 3.2 cm in diameter, had end faces 
of 0.8-mm thickness, and gave a transmission of 48 
percent when filled with light water. Two series of 
measurements were made on separate occasions, one 
with a source-to-detector-distance of 100 cm and the 
other with a 75-cm distance. They differed by less than 
the probable error associated with each. If we denote by 
R the ratio of the transmissions of heavy water to light 
water, we have 

R=exp[—b2no(on—cn)«], 
where mo is the number of oxygen atoms/cm’, assumed 


to be the same for light and heavy water (an assumption 
valid to better than 0.1 percent) and 6 is the concen- 


ue See, for example, W. N. Bond, Probability and Random Errors 
(Edward Arnold and Company, London, 1935). 
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tration of heavy water in our heavy water sample; 
(sp>—on) is the difference in total cross sections for 
deuterium and hydrogen and x is the length of the 
sample. For our particular cell, nox=0.2390X 10/cm? 
and our measured value of R is 0.950+0.004, the 
probable error in R being determined from the spread 
of the individual values about the average. The uncer- 
tainty in R produces an uncertainty of almost 10 percent 
in (e>—cn). The concentration of heavy water in our 
sample was determined from density measurements. It 
decreased from 96.4 percent before the transmissions 
were measured to 91.2 percent afterwards. This dilution 
might have resulted from an exchange between the 
sample and the water vapor in the air while it was 
being poured back and forth, or during the measure- 
ments, as the cell was not tightly enclosed, or from an 
incomplete flushing of the cell with heavy water prior 
to filling. The uncertainty in density, however, affects 
(op—on) by an amount small compared to that caused 
by the probable error in R. (op—oH) was computed 
using the mean of the above mentioned extreme con- 
centrations and adding to its uncertainty the +2.6 
percent arising from the extreme values. Our result is 


op—CH= 0.1 14-+0.013 b. 


Taking the value df on from the previous section, we 
obtain for the total cross sections of deuterium for 
14.10+0.05 Mev neutrons 


op=0.803+0.014 b. 


Ageno ef al.* measured the deuterium cross section 
in this energy range by determining the transmission of 
a heavy paraffin sample. Their value is 0.864+0.028 b; 
if we use our value of oc, their value becomes 0.841 
+0.028 b. The result of Meyer and Nyer* is 0.81+0.03 b. 


C. Oxygen and Nitrogen 


The total cross sections of oxygen and nitrogen were 
determined with a lower accuracy than was attained 
for carbon and hydrogen, as fewer thicknesses of scat- 
terers were used and fewer counts were accumulated. 

The oxygen cross section was obtained from the trans- 
missions of three hollow aluminum cells filled with 
water. One of the cells has been described in connection 
with the deuterium measurements. The other two were 
similar but shorter. No scattering-in correction was 
applied to these data as it is small compared to the 
uncertainty in the transmissions. In Fig. 4, the loga- 
rithms of the transmissions are plotted against absorber 
thickness in number of oxygen atoms/cm’. In measuring 
the relative transmissions, it was more convenient to 
make blank measurements with no cell rather than 
using an empty cell. A correction was therefore made 
for the slight attenuation (2 percent) caused by the 
aluminum-end faces, using for the aluminum cross 
section the value obtained by Ageno ef al.’ Use could 
then be made of the origin in fitting a line through the 


points. 
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Fic. 3. Polyethylene transmission vs scatterer thickness in units of 
number of carbon atoms/cm’. 


The slope of the best fitting straight line on a least 
squares basis gives directly 
oot 2en=3.02+0.04 b. 


Using our value of oy we find for the total cross section 
of oxygen at 14.10+0.05 Mev 


go= 1.64+0.04 b. 


Meyer and Nyer® report values of 1.62+0.04 b and 
1.60+0.04 b for this cross section from measurements 
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Fic. 4. Transmission of water vs thickness in units of number of 
oxygen atoms/cm?. 
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Fic. 5. Transmission of melamine vs thickness in units of number 
carbon atoms/cm*. 


on water and formic acid, respectively. If we use our 
values of on and opoiy in their data, both of their values 
become 1.59-+-0.04 b. 

The total cross section of nitrogen was determined 
from measurements on the compound melamine, 
CyH¢Ne. The melamine was purified by Dr. A. Bothner- 
By of this laboratory. It was heated before use to 
remove possible traces of water. Spectroscopic examina- 
tion for metallic impurities, by M. Slavin of BNL, 
showed none. R. C. Anderson and Y. Delabarre of BNL 
analyzed the sample for carbon and hydrogen by means 
of a manometric method" for determining CO. and HO 
found in combustion. The hydrogen to carbon ratio 
was 1.98, differing from the expected value of 2 by an 
amount comparable to the error of the determination. 
The amounts of carbon and hydrogen added up to the 
value expected for a pure compound. The percentage of 
nitrogen was determined, by J. A. Fancher and L. M. 
Pollack of BNL, by the Kjeldahl method, which yielded 
a value of 65.2 percent as compared with the expected 
66.6 percent. The nature of the method is such as to 
give an underestimate, and taking into account the 
above mentioned checks, it was considered that errors 
resulting from assuming the sample to be pure melamine 
were less than those associated with the transmission 
measurements. 

The transmissions of the two shorter aluminum cells 
were measured when they were filled with melamine in 
the form of a powder. The effective density of the 
melamine was obtained from the dimensions of the cells 
and the weights of melamine they contained and dif- 
fered by 0.4 percent in the two cells. Transmissions 
were determined with a 75-cm_ source-to-detector- 
distance and with a detector of terphenyl crystal 4 cm 
long and 4 cm in diameter. Because of its extra length, 
it had a somewhat higher efficiency for neutrons than 
did the cell used in our other measurements, but its 


“ Anderson, Delabarre, and Bothner-By. Submitted to Anal. 


Chem. ; a modification of the method of J. J. Naughton and M. M. 
Frodyma, Anal. Chem. 22, 711 (1950). 
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integral bias curve was steeper than that of the more 
transparent liquid. 

Figure 5 shows the logarithms of the two transmis- 
sions plotted against absorber thickness in number of 
nitrogen atoms/cm’. Again, no correction was made for 
scattering into the detector. The attenuation of the 
aluminum end faces was taken into account as with the 
oxygen determination. Since the carbon and hydrogen 
in melamine are in the same ratio as in polyethylene, 
our result for the slope of the best fitting line can be 
expressed as 
O poly + 2on = 6.05+0.20 b. 


Using our value of opoiy we find, for the total cross sec- 
tion of nitrogen at 14.10+-0.05 Mev, 


on>= 1.7+0.1 b. 


Meyer and Nyer® obtained the value 1.39+0.05 b 
from a measurement with liquid nitrogen. The disagree- 
ment might be the result in part of uncertainty in the 
determination of the density of liquid nitrogen. 

We are very happy to acknowledge our indebtedness 
to Dr. M. A. Tuve for putting the facilities of the 
Department of Terrestrial Magnetism at our disposal 
and to Dr. N. P. Heydenburg and Mr. C. Little of that 
department for their willing and invaluable help with 
the electrostatic generator. We take pleasure, too, in 
thanking the Los Alamos Scientific Laboratory for the 
use of the tritium source, Mr. R. G. Fulton of the 
Bakelite Company for the infrared analysis, Mr. R. 
Paulson of the National Bureau of Standards for the 
very accurate chemical analysis of our polyethylene 
sample, and our colleagues of the Brookhaven National 
Laboratory Chemistry and Medical Departments, Dr. 
R. C. Anderson, Dr. A. A. Bothner-By, Mr. M. Slavin, 
Miss Y. J. Delabarre, Dr. J. A. Fancher, and Mrs. L. M. 
Pollack for purification and analyses of the melamine. 
One of us (G.A.S.) is thankful to Dr. H. S. Snyder and 
Dr. D. A. Kleinman of Brookhaven National Labora- 
tory for some helpful discussions. 


APPENDIX 1 
The Energy Spectrum of the Neutrons 


The large Q of the reaction T(d,n)He* makes this 
reaction an excellent source of nearly monochromatic 
neutrons of 14-Mev energy. (See the discussion of 
Hanson, Taschek, and Williams.) We wish to deter- 
mine the energy spectrum of the neutrons emerging at 
an angle of 89.27°+0.1° with respect to a 400-kev 
deuteron beam impinging on a thick zirconium target 
loaded with tritium. The factors which enter this deter- 
mination are (1) the kinematics of the T(d,n)He‘ reac- 
tion, (2) the cross section of the reaction as a function 
of energy and angle, and (3) the multiple scattering 
angular distribution of the deuterons and their rate of 
energy loss in the zirconium target. 

® Hanson, Taschek, and Williams, Revs. Modern Phys. 21, 635 
(1949). 
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(1) The kinematics of the T(d,n)He* reaction—Let 
E,= deuteron kinetic energy in the laboratory system, 
E,,=neutron kinetic energy in the laboratory system, 
M;=mass of particle i, and 6=angle between the 
neutron and the deuteron. Nonrelativistically we then 
have 


a 2M ,Ma 
=—_—_ o+| = —__—— 
M,+M, (M.+M,,)? 
2(M,MaEa)* M,Ma 
— cos|| — cos*@ 
M.4M,, (M,+M,)* 


cos?6+ 


a 
n 


"i = 
M.+M,1~ 





M. )! 
Eat+—— -0| . (Al) 
M,+Ma 


M.+M, 


From the table of masses of light nuclei from nuclear 
disintegration energies given by Li et al.,'* we obtain 


Q= MytMy:—M,—Muet= 17.58+0.02 Mev. (2) 


In Fig. 6, E,, given by Eq. (1), is plotted as a function 
of @ for values of Ey ranging from 50 kev to 400 kev 
(Fig. 6 is plotted using an earlier value for Q, i.e. 
Q=17.56 Mev). The neutron relativistic kinetic energy 
is simply obtained by a perturbation calculation on Eq. 
(1). At @=90°, one obtains 


E, °) —E,, re) = —0,00142E,, #9" —~—0.02 Mev. 


It turns out that the relativistic kinetic energy of the 
neutrons for Q=17.58 Mev is equal to the nonrela- 
tivistic kinetic range for Q=17.56 Mev. The two 
corrections cancel each other out. 

It is evident from Fig. 6 that there is an extremely 
small circle of confusion in neutron energy at 6~98°, 
i.e. E,=13.98+0,015 Mev. This can be fully utilized 
only if a thin target is used. With a thick target, the 
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Fic. 6. Neutron energy vs angle between neutron and deuteron 
for different deuteron energies, Ey, for the reaction T(d,n)Het*. 


Li, Whaling, Fowler, and Lauritsen, Phys. Rev. 83, 512 
(1951). 
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Fic. 7. Total cross section of the T(d,n)Het* reaction vs 
deuteron energy. 


excellent energy resolution is smeared out somewhat by 
the multiple scattering of the deuterons in the target. 
This scattering smears out the distribution of angles 
between the direction of motion of the deuteron just 
as it is captured in the target and the fixed direction of 
observation of the neutron that is emitted. 

(2) The cross section of T(dn)He* as a function of 
energy and angle-——Bonner'* has measured the cross 
secticn as a function of deuteron energy from 15 kev 
to 133 kev with very thin targets by detecting the 
alpha-particles at an angle of 90° with respect to the 
incident deuterons. He finds o to be a rapidly increasing 
function of deuteron energy up to a maximum of 6.65 
barns at 110 kev. The rapid rise is the result primarily 
of the rise in the Coulomb barrier probability. For this 
same range of deuteron energies, Allan and Poole’ have 
shown that the angular distribution of the alpha-par- 
ticles (and hence of the neutrons) is symmetric in the 
center-of-mass system. Taschek ef al.'® have measured 
the cross section as a function of angle for 1-Mev to 
2.5-Mev deuterons impinging on gaseous tritium. They 
find the total cross section to be about 0.15 barn, and 
a distinct asymmetry in the angular distribution in the 
center-of-mass system that essentially increases with 
energy. Recently, Argo and co-workers!” have measured 
the total cross section in the region from 53 kev to 1000 
kev, assigning an error of +10 percent in the region 
from 125-kev to 800-kev-deuteron energy. They also 
measured the angular distribution of the cross section 
at various energies. Within a rather large experimental 
error, they conclude that the angular distribution is 
isotropic in the center-of-mass system up to a deuteron 
energy of 267 kev and becomes progressively less iso- 
tropic in the center-of-mass system until, at an energy 
of 800 kev, the yield is isotropic in the laboratory 
system. In Fig. 7 the total cross section for the T(d,n)- 


“T. W. Bonner, AEC Unclassified Report No. 939 (1950). 

1% TD). L. Allan and M. J. Poole, Proc. Roy. Soc. (London) A204, 
500 (1951). 

16 Taschek, Hemmendinger, and Jarvis, Phys. Rev. 75, 1464 
(1949), and Atomic Energy Commission Declassified Report No. 
2250 (1948). 

"1H. V. Argo, private communcation. 








18 POSS, SALANT, 
He‘ reaction is plotted as a function of incident deu- 
teron energy. The results of Argo’? and Taschek'® in 
the energy region Ey>150 kev have been smoothly 
joined to Bonner’s results for E¢<133 kev. It is clear 
from this figure that deuteron energies much less than 
50 kev do not make any significant contribution to the 
total cross section. 

The differential cross section o(8) in the laboratory 
system is obtained for a given deuteron energy by a 
simple solid angle transformation from the center-of- 
mass coordinate system. The differential cross section 
é in the center-of-mass system is experimentally con- 
stant up to 267 kev'’ and is assumed constant up to 
400 kev. The ratio o(@)/é was obtained as a function of 
6 for several different deuteron energies. 

(3) The rate of energy loss and the multiple angular 
distribution of the deuterons in the Zr target-—Warshaw'* 
has measured the stopping power of low energy protons 
in various materials including silver (Z=47) and copper 
(Z=29). Since the experimental stopping power curves 
for these two elements are close together, a very good 
interpolation can be used for zirconium (Z=40). The 
stopping power S in units of kev/atom/cm? is obtained 
as a function of Eg using the relationship Sdeuteron(E) 
= Syroton(Z/2). An extrapolation of the experimental 
points was necessary below E,= 100 kev. The relative 
number of neutrons that arise from the capture of 
deuterons in a differential energy range AZ, of different 
energies Ey is proportional to the cross section o(£a) 
times the length of path traversed by the deuteron in 
losing energy AE. This length is proportional to 
AE,/S(E,) so that the relative number of neutrons 
from energies between Ez and E4+ AE, is proportional 
to o(E,)/S(Ea). The function o(£z)/S(E£a) compared to 
o(E£,) is relatively larger on the low energy side of the 
peak and smaller on the high energy side. S(£q) is a 
slowly varying function of deuteron energy in the region 
under consideration. 

To evaluate the multiple scattering angular dis- 
tribution of the deuterons in the target, we use the 
projected angle distribution functions calculated by 
Snyder and Scott'® in the small angle approximation 
(sin@é~@, cos@~1). Energy loss will be included by a 
method essentially the same as that described by 
TABLE IIT. Approximate scattering distribution function param- 

eters for incident deuterons of energy Eg= 400 kev. 

I 10 6 m 
0.613 
0.327 
0.170 


50 32.. 0.031 2.66 
100 5.8 0.020 
150 0.013 


250 0.011 


18S. D. Warshaw, Phys. Rev. 76, 1759 (1949), 
%H. S. Snyder and W. T. Scott, Phys. Rev. 76, 220 (1949); 
78, 223 (1950) 
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Moliére.” For the single scattering cross section we take 


4°77 1 
a(6) eS ’ 
Mr P+? 


(A2) 


where M, », ze are the mass, velocity, and charge of the 
scattered particle, Z is the atomic number of the scat- 
tering particle, and, from Moliére,” 


no = 09(1.13+3.76a2)}, (A3) 
where 
a=2Ze/hv, 09=h/ Mra, and a=0.466X 10-5/Z! cm. 


This form for o(@) is valid for kinetic energies of the 
incident particle greater than 100 2Z‘/* ev=14 kev. 
W(n|z), calculated by Snyder and Scott, is the angular 
distribution function for the projected angle n between 
the initial particle direction and the particle direction at 
the end of the track for various values of z. (s=distance 
traversed by the particle in units of the mean free path, 
\, for single scattering.) In order to include energy loss, 
we transform to the distribution function U’(4|z), where 
6=1'/4/2, n'=n/no and U(6|z)=2!W(n’|z). U(d|2) is 
a slowly varying function of 6 and z. For a particle of 
incident energy Ey and final energy E, U(é\z) is 
obtained by using the following average values for z 
and m: 


z=L(E){(1/d))wy  no=[(0?/A)w/(1/Adw]#, (A4) 


where 


ae dE 
LE)= f ae= f 
Ey dE g NS(E) 


= distance in cm traversed by the particle. 


1 Pid 
( ) -f ab [ 18), 
7 wy ko AdE 
ne? En? dl 
( ) -f ak / LE). 
AS wy ky \ dE 


The pertinent values of z are less than 100, so that an 
extrapolation of the tabulated values of the slowly 
varying function U’(6|z) was necessary. For our purpose 
the final angular distribution function W(n|s) can be 
approximated by a straight line of the form 


W(n|z)=b!—dn. (A5) 


It then follows that 


f W(n/\2)dn =0.5. 


0 


(A6) 


The values of z, no, 6 and m, [the maximum angle, i.e. 
W(m)=0] are listed in Table III for an incident 


 G. Moliére, Z. Naturforsch. 3a, 78 (1948). 
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deuteron energy E,=400 kev and final energies E= 50, 
100, 150, 250 kev. 

The straight line approximation to W(n|z) has the 
effect of cutting off the tail of the distribution and 
increasing the half-width. From the values of 7 in 
Table III, we see that W(n| =) is large only for values of 
n&30°, so that the small angle approximation is jus- 
tified. 

To evaluate the neutron energy distribution, let 
6=angle between the direction of a deuteron in the 
target and the fixed direction of the emergent neutron 
beam ; 69=89.27°= incident deuteron direction relative 
to the neutron beam, and V(E,)dE,=relative number 
of neutrons of energy between EZ, and E,+dE,. Then 


o(Fa) Pte 6) 
N(E, dE, = m! dodE, - - 
(Ea) 


én constant) 


5(Ex) 


xWw (0@—@% 2(E4)). (A7) 


Each deuteron energy Eq is weighted by the factor 
o(Eq)/S(Ea).0(Ea,0)/@( Ea) describes the variation of cross 
section with laboratory angle, where ¢(£4)=90(E4)/4n. 
W[@—6o|2(E.z)] describes the angular distribution of 
the deuterons of energy E, about their incident direc- 
tion. Consistent with the small angle approximation, 
scattering in the direction normal to the plane of the 
incident deuteron and the emergent neutron is ne- 
glected. This scattering has only a second-order effect 
on the energy of the emergent neutron. It is assumed 
that there is a uniform distribution of tritium in the 
target. The integral of Eq. (7) is evaluated numerically 
after changing the variables of integration from dédEq 
to dE,dE,. For this purpose we note that in the region 
about 6= 2/2, Eq. (1) can be approximated as 
E,=A(Ea)+ BE,' cos6, 5 
A(Ea)=14.03+0.397E,, B=2.131. (A8) 


Using the small angle approximation cos@ ~ —(@—4m), 
we obtain 


Bo 1 o(E 4) o(E ‘dy 9) 
N(En) © f Big inte eee re 
0 2BE ‘yt S(Ea) a) &(Ex) 


< W(0— | 2(E)) 


(A9) 
(Eo= 400 kev). 


The final result for V(E,) vs E, is plotted in Fig. 8. 
Approximately 95 percent of the neutrons have energies 
between 13.90 and 14.25 Mev. From this distribution 
we obtain the reciprocal of the mean value of 1/E,: 
E,,.=((En)» }'=14.10 Mev. (Since, in this energy 
region, the m-p cross section is approximately propor- 
tional to Z,,~', £,,~' must be averaged and its reciprocal 
taken in order to obtain the approximately correct mean 
neutron energy E,, to be used for the theoretical cross 
section calculation. The ordinary mean neutron energy 
E,, is identical to £,, in this case, i.e., F,,= 14.10 Mev.) 
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Fic. 8. Number of neutrons per unit energy range (arbitrary 
scale units) vs neutron energy for angle of observation of 89.27° 
with respect to incident deuteron beam. 


The half-width at half-maximum of V(E,) is 0.090 
Mev. We assume that £,, obtained from this calculation 
has an uncertainty of half that much, that is, +0.045 
Mev. Besides this uncertainty, the Q of the T(d,n)He* 
reaction is uncertain to +0.02 Mev. Finally the finite 
angular resolution of the neutron beam, i.e., +1°, 
contributes a further spread in energy of +0.015 Mev. 
An approximate estimate of the effect on the mean 
neutron energy of the neutrons that are scattered, 
elastically and inelastically, back from the target holder 
and its enclosing chamber into the detector, shows 
that this effect shifts the mean neutron energy by an 
amount very much less than 0.01 Mev. Combining 
these uncertainties we obtain for the mean neutron 
energy 


E,.=[((E.7"))w }"= 14.1040.05 Mev, (A10) 


using 17.56 Mev as the Q value. Adopting the better 
value Q=17.58 Mev, and at the same time, sub- 
tracting the relativistic correction of 0.020 Mev, leaves 
the value of £,, unchanged. Hence we obtain for the 
mean relativistic kinetic energy of the neutrons 


(E,.)rei= 14.100.05 Mev. (All) 


APPENDIX II 
Scattering-in Correction 


The observed transmission T of neutrons through a 
scatterer can be written as 


T=To+Ti1+T2t+ ++ =To(1+T; Tot+T2 Tot ::: , 
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where 7’) is the true transmission, i.e., the number of 
neutrons reaching the detector without being scattered 
in passing through the scatterer, 7; is the number of 
singly scattered neutrons reaching the detector, and T, 
is the number of doubly scattered ones reaching the 
detector. 

In our geometrical arrangement, we have source 
diameter, 0.3 cm; scatterer diameter, 2.5 cm; maximum 
scatterer length, 8.9 cm; source to scatterer and scat- 
terer to detector distance, 50 cm. Under these condi- 
tions, the dimensions of the scatterers are sufficiently 
small compared to their distance from the source and 
detector so that the cosines of the scattering angles 
involved may be taken as unity. Following a procedure 
similar to that of Amaldi et a/.*" we then obtain 


T,/To=(4A/d*)no(0)L, 


where A is the area of the scatterer, d is one-half the 
source-detector distance, m is the number of scattering 
nuclei/cm*, o(0) is the differential cross section evalu- 
ated at zero degrees, and L is the length of the scat- 
terer. 

In the case of hydrogen, o(0) was determined by 
considering the scattering to be isotropic in the center- 
of-mass system. This gives 


ou(0)=cn/ 2, 


where oy is the total cross section. In the case of a 
larger nucleus like carbon, small angle scattering has 
been treated as a diffraction effect by Bethe and 
Placzek,” who obtain for the differential cross section 


at small angles 
J (RO6/x) 7? 
o(6) = R*4] ———— | : 
0 


where R is the nuclear radius, X is the neutron wave 
number over 27, and J; is a Bessel function of the first 
kind. For a 14-Mev neutron, X=1.2110~-' cm. R is 
3.8X10-' cm for carbon.2* 6<0.09 for our arrange- 
ment. With these values J;(R0/X) ~4}R0/X. 

Putting in numerical values, we have for carbon 


(T'1/T e)carbon= 2.36X%10L, 


* Amaldi, Bocciarelli, Cacciapuoti, and Trabacchi, Nuovo 
cimento 3, 203 (1946) 

“=H. A. Bethe and G. Placzek, Phys. Rev. 57, 1075 (1940). 

®H. Feshbach and V. Weisskopf, Phys. Rev. 76, 1550 (1949). 
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and for polyethylene 
(Ty To) poly = 2.45X 10 <r. 


L being the length of the scatterer in cm. 

As we show below, the correction for double scat- 
tering is small enough with our geometrical conditions 
so that it can be neglected. The corrected transmissions 
in Table I were obtained from the observed trans- 
missions by applying the above single scattering cor- 
rections which ranged from 0.04 percent for the shortest 
scatterer to 0.2 percent for the longest one. 

A simple consideration of double scattering for our 
geometrical conditions leads to the following over- 


estimate: 
T2/To< {4[no(0) }?/d?}7, 


=f f dv,dv2 132". 
V 


The integral is over the scatterer volume, and rj2 is the 
distance between two volume elements dv, and dts. 
I has been approximately evaluated for a scatterer of 
square cross section having b/L<1, where 6 is its width 
and L its length. This condition will hold sufficiently 
well for the longest scatterers for which the correction 
is largest. Making use of the identity 


--ff Inrj.d8,dSz, 


where the integral on the right side is over the rec- 
tangular surfaces of the scatterer, one obtains 


I~} L[4 tan—"(L/b)— (26/L) In(L/b)—c], 


where 


where c™1. 

Using the previously given expression for T,/To, we 
then have 

T2/T,<no(0)b[4 tan—(L/b)— (2b/L) In(L/b)—c]. 


Putting in numerical values for the longest scatterer, we 
obtain 


(T2 T 1) max <0.21 


or 
(T2/T)max<0.04 percent. 


Since the probable error associated with each of the 
transmission values is of the order of 0.3 percent, the 
double scattering correction was neglected. 
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The total n—p cross section at 14.10-+0.05 Mev is calculated for several choices of the n—p singlet potential 
well parameters for each of the potential well shapes: square, exponential, and Yukawa. These calculations 
are compared with the experimental result for the cross section at this energy, ototai=0.689+0.005 barn. 
Limits on the values of the effective range, the intrinsic range, and the depth of the singlet potential are 


obtained for each well shape 


Contrary to the hypothesis of charge independence of nuclear forces, the n—p singlet intrinsic range is 
found to be smaller than the p-? singlet intrinsic range for all three well shapes. However, the large error 
in the m-p singlet range precludes any conclusive statement to the effect that n—p and p-? intrinsic ranges 


are unequal. 





I. INTRODUCTION 


LE ees the theory of effective range,! Blatt and 
Jackson? (quoted as BJ) and Bethe’ have analyzed 
the low energy n-p scattering cross-section data. In the 
shape independent approximation, the total S wave 
cross section is determined by four parameters: a@,, @., 
Tot, Tos, the triplet and singlet scattering ainplitudes, and 
the triplet and singlet effective ranges at zero energy. 
From the experimental measurements of the binding 
energy of the deuteron e, the coherent n-p scattering 
amplitude f, and the epithermal total scattering cross 
section Gfre, the three parameters a@;, @,, and ro, can be 
determined with good precision, the last being a func- 
tion of the assumed well shape. BJ showed that the 
experimental uncertainties in the n-p scattering cross 
sections at higher energies precluded at that time any 
precise information about 79, or the well shape. More 
recently, Salpeter‘ has analyzed the more accurate new 
data pertinent to this problem. Using the measurements 
by Lampi, Freier, and Williams? of ototai(Z) for various 
neutron energies between 0.8 and 5 Mev, he finds fo, 
(with a probable error of +20 percent) for each of the 
three well shapes; square, exponential, and Yukawa. 
The values of the singlet m-p intrinsic range (defined in 
BJ) derived from these values of ro, and the value of a,, 
overlap for each well shape with the triplet n—p intrinsic 
range and the singlet p-p intrinsic range. With this 
data one cannot obtain any information that would 
favor one well shape over another. 

The purpose of this note is to analyze the accurate 
measurement recently made by Poss et al.* of the total 
n-p scattering cross section at 14 Mev, in order to 
obtain more information about ro,. At this energy the 
total cross section is relatively insensitive to the uncer- 


* Research carried out under contract with the AEC. 

1 This theory was first surmised by Landau and Smorodinsky, 
J. Phys. Acad. Sci. (U.S.S.R.) 8, 154 (1944) and first derived by 
J. Schwinger (see reference 2). For a simple derivation see refer- 
ence 3, or J. Schwinger, Phys. Rev. 78, 135 (1950). 

2J. M. Blatt and J. D. Jackson, Phys. Rev. 76, 18 (1949). 

3H. A. Bethe, Phys. Rev. 76, 38 (1949). 

‘E. E. Salpeter, Phys. Rev. 82, 60 (1951). 

§ Lampi, Freier, and Williams, Phys. Rev. 80, 853 (1950). 

6 Poss, Salant, Snow, and Yuan, Phys. Rev. 85, 11 (1952). 


tainties in the triplet parameters a, and ro, which arise 
from the experimental errors in the thermal energy 
measurements as well as from the uncertain strength 
of the tensor force. In this respect, 14 Mev is a good 
energy for determining 7o,. The main virtue of this 
energy is the ease with which one ¢an obtain a strong 
nearly monochromatic beam of neutrons from the 
T(d,n)He* reaction. The disadvantages of such an 
energy lie in the necessity of evaluating the contribu- 
tions of angular momentum states greater than zero, 
which for the P state involves the exchange charac- 
teristics of the potential as well as its shape, and in the 
neglect of relativistic velocity dependent corrections 
which are assumed to be small. One further point is 
that for the accuracy required in the calculation of the 
cross section, the S wave phase shift in the singlet state 
must be calculated exactly, rather than by using the 
shape dependent expansion for k coté given by (BJ), 
since the expansion parameter (&ro,) is greater than 1 
at 14 Mev. Nevertheless, the form of the cross section 
obtained from the effective range theory is very useful 
in computing the changes in o resulting from small 
changes in the pertinent parameters. 

In this paper we shall adopt the following experi- 
mental values: From the reaction cycle analysis of Li, 
Whaling, Fowler, and Lauritsen,’ we have, for the 
binding energy of the deuteron, 


€= 2.225+0.002 Mev. (1) 


We denote the fractional error in « by ¢. For the co- 
herent scattering amplitude /, we use the most recent 
value obtained by Burgy et al.,8 


f=2(3a.+4a,) = —(3.7840.02)X10-% cm. (2) 


For the scattering cross section of slow neutrons by free 
protons, we use the value of Melkonian,® 


Otre= 4(3a,?+a,”) = 20.36+0.1 barns. (3) 


The fractional errors, €;, €4, in f and Gfree are €s=€s 


7 Li, Whaling, Fowler, and Lauritsen, Phys. Rev. 83, 512 (1951). 
* Burgy, Ringo, and Hughes, Phys. Rev. 84, 1160 (1951). 
* E. Melkonian, Phys. Rev. 76, 1744 (1949). 
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Taste I. n-p triplet potential well parameters, and the values and derivatives of the n-p triplet cross section at E=14.10 Mev 


(k?=0.1700X 10% cm=*). [a,=0.1860X 10" cm, «= 2.225 Mev, p:(0, —€)=1.702 10-8 cm.] 








Well shape rot (107'8 cm) 6 (10-8 cm) 


2.040 
1.687 2.346 
1.637 2.913 


Square 
Exponential 
Yukawa 1.419 





=().005. Solving for a, and a, we obtain 
a,=(5.378—2.05e;+3.72€,) X 10—!* cm, 
a,= (—23.69—1.41e;—11.2€,) X 10-8 cm. 
This yields 
a,=1/a,=0.1860(1+0.0039) X 108 cm~, 
a,=1/a,= —0.04221(1+0.0024) X10" cm. (7) 


From our adopted value for e, we obtain 


y=[Me/h*}}=0.23166(1+0.0005)X10'¥ cm". (8) 


Finally, from the experiment of Poss ef al.,° we have 
Stotal = 0.689+0.005 barn, (9) 


at 


E=14.10+0.05 Mev. (10) 


We shall first discuss the contributions to the total 
cross section at 14.1 Mev of triplet and singlet S wave 
scattering and then of higher angular momenta scat- 
tering. Finally the total cross sections shall be obtained 
as functions of ro, for each well shape and these shall 
be compared with experiment. In this way we shall 
obtain limits for ro,, which depend primarily on the 
experimental error in the cross section [Eq. (9) ] and 
on the uncertainty in the mean kinetic energy of the 
incident neutrons [Eq. (10) ]. 


II. TRIPLET SCATTERING CROSS SECTION (L=0) 


In the notation of Salpeter,‘ we can write the total 
(L=0) triplet scattering cross section, o,; at neutron 
incident energy £, in the form 


o=3r {k?+[a.—}p.(0, E)k* Py, 
k?= ME/2h?=1.206(Enmtey) X 1074 cm?, (12) 


(11) 


and 


p.(O, E)=ro.—2P wroPk?+---, (13) 


where P, is a small shape dependent coefficient plotted 
as a function of (aor) by BJ. We obtain ro, from a; 
and y by using the two equations® 


(14) 
(15) 


a= y— (3) y7.(0, — 6), 
p(0, — e)ro(1+2P ry*r0,"). 


p.(0, —e) is independent of the potential shape since 
it is determined by two experimentally derived numbers 


— 0.040 
+0.029 
+0.137 


rot Oar 


ot Orot 


0.065 
0.071 
0.064 


a; (barns) 





—0.931 
—0.914 
—0.899 


0.5508 
0.5474 
0.5413 








a, and y. We get from (14) 
pi(0, —€) =(1.7024+2.64¢e,—4.79€,4-2.62€.) X 10-"* cm, 


(0, —e)=1.702(1+0.017)X10- cm. (16) 


Using (15) and the values of P, obtained from the 
graphs of BJ, ro, is found for each potential well shape. 
These are listed in Table I together with the values of 
P,. These values of ro, have the same percentage uncer- 
tainty as p,(0, —e), i.e., 1.7 percent. For completeness, 
the corresponding values of the intrinsic range 6 and 
the well depth s (defined in BJ) are given for each 
potential well shape. o,, obtained from (9), is given in 
Table I for E=14.1 Mev along with the values of 
(R?/01)(A01/ OR), (ar/o1)(Oo+/ Aa), and (%9¢/04)(0,/Oro1). 
These latter values are listed so that a fractional error 
in any of the parameters k?, a,, and ro, can be converted 
immediately into a fractional error in o;; e.g., 


Ao t/o1= (Toe a1)(do, Oro) (Aror ro). 


It is clear from the smallness of the values in Table I 
of the derivative of o; with respect to ro, and a; that o, 
is very insensitive to errors in ro; or a;. This is because 
the term (a:—}p:k?)? is very small compared to 
k? (<0.025k?). Hence, the two term expansion of (13) 
for p.(0, E) in powers of (kr,,)* will yield an excellent 
approximation to o; even at this high energy. (This has 
been verified for the square well by an exact calculation 
of the triplet phase shift.) Furthermore, the presence 
of a substantial amount of tensor force will not alter 
the value of o; significantly, since the only effect of the 
tensor force on a, is to modify the shape dependent 
parameter P,. The experimental percentage errors of 
0.4 percent in a, and 1.7 percent in ro; yield uncer- 
tainties in o, of the order of 0.04 percent and 0.1 percent, 
respectively. These uncertainties are a factor of ten less 
than the present experimental uncertainty in the value 
of ototai measured by Poss et al.,° and hence are not at 
all significant in the determination of ro, from this 
measurement. At lower incident neutron energies, the 
percentage uncertainties in o, because of the uncer- 
tainties in a; and fo; are substantially greater. For ex- 
ample, at E=4.5 Mev, the probable errors of 0.4 percent 
in a, and 1.7 percent in 7o;, yield probable errors in o;¢ 
of 0.3 percent and 0.3 percent, respectively. Hence, an 
ideal experiment, in which ototai(Z) and E were meas- 
ured exactly, would allow a determination of ro, with a 
probable error four times larger at 4.5 Mev than at 14.1 
Mev. The point is that at energies close to 14 Mev, the 





14-MEV 


triplet phase shift 6, is near 7/2, so that o,, which is 
proportional to sin?5,/k*, is a very slowly varying 
function of 6,. It is this same fact, as pointed out by 
Massey and Buckingham,” that makes the energy 
region near 14 Mev a particularly insensitive one for 
obtaining information about the n-p interaction in 
states of higher angular momenta from a measurement 
of the differential cross section o(@), since the inter- 
ference terms between the L=0 wave and the higher L 
waves in o(@), which are proportional to cosé,(L=0), 
are very small. On the other hand, o,; at 14.1 Mev is 
about one and one-half times more sensitive to an error 
in E than at 4.5 Mev. Therefore, the mean neutron 
incident energy must be known very accurately. From 
(10), we have for the mean neutron energy E= 14.10 
(10.0035) Mev. For any energy within this small 
energy range, the simple linear extrapolation formula 


o  E=14.10(1+6) ]=o1(14.10)+5(k?/o4)(004/dk?), (17) 
can be used to determine the theoretical triplet cross 
section o;. 

III. SINGLET SCATTERING CROSS SECTION (L=0) 


Analogously to Eq. (11) for o:, the total (L=0), 
singlet scattering cross section o, may be written in the 
form 
(18) 


(19) 


o,=1/{k?+[a.—}p,.(0, E)k?}*}, 
p.(0, E)=ro.—2P.%0,°k?+ -:-. 


ro, is known only within quite wide limits‘ and may be 
much larger than ro;. We must consider cases for which 
k*ro,2>1. For such cases it is not at all clear that the 
expansion for p,(0, £) in powers of kro,” is useful, or 
that the first two terms given in (19) will yield a good 
approximation to the true p,(0, Z). Therefore, an exact 
integration of the Schrédinger equation was carried 
out to obtain the phase shift 6,, and consequently o,, 
for three assumed values of ro, and for each potential 
well shape; square, exponential, and Yukawa. From 
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each assumed value of ro, and the measured value of a,, 
one obtains from the formulas of BJ the corresponding 
depth s and intrinsic range 6 for each potential well 
shape. For the square and exponential wells, the phase 
shift 6, can be given in closed form" as a function of s, 
b, and k. To obtain 6, for the Yukawa well,’ direct 
numerical integrations were carried out for each pair 
of values (6,5), that is, for each choice of r,.. The 
extremes of the values of ro, were taken from Salpeter’s* 
analysis of the data of Lampi ef a/.o At E=14.10 Mev, 
the exact cross sections o,(ex) obtained in this way are 
listed in Table II. The cross section o,(BJ) obtained 
from Eqs. (18) and (19) are also listed in Table II. 
The values of P, for each ro, are obtained from Table IV 
of BJ. We see that o,(BJ) is a very good approximation 
to o,(ex) for the square and exponential wells, but not 
quite so good for the Yukawa well. For completeness 
the values of b and s are also given in Table IT. Equation 
(16) for o,(BJ) is still extremely useful in obtaining the 
variations of «, because of uncertainties in a, and k*. By 
differentiation, we obtain the valués of (a,/o,)(00,/0as), 
(ro,/o4)(0c,/ Oro»), and (k*/a,)(dc,/0k*) listed in Table 
II. The small values of (a,/c,)(d0,/da,) show that the 
uncertainty in a, contributes a negligible uncertainty 
to o, (~0.02 percent). On the other hand, a, is quite 
sensitive to the value of the energy ~&*. Just as with o,, 
we shall use the linear extrapolation formula 


o,{ E= 14.10(1+6) ]=o,(14.10)+6(k?/o,)(d0,/0 


to determine o,(ex) for any energy near 14.10 Mev. To 
discuss the sensitivity of a measurement of gtotai with 
respect to the value of ro,, it is convenient to define the 
quantity S, such that 


R*) (20) 


Aro,/ To.= SActotai/ Stotal- (21) 


Then 
(22) 


From the values of (r0,/0,)(00,/8ro.) listed in Table 
II it follows that S=—8.6, —12.0, —16.9 for square, 
exponential, and Yukawa wells, respectively. Hence, a 


S= (torat/0e)[(702/0)(A0./ Aro.) |". 


TABLE II. n—p singlet potential well parameters and the values and derivatives of the m-p singlet cross section at E=14.10 Mev for 


various values of the singlet effective range, [a,= — 0.04221 x 10% cm™]. 








@.(BJ) 


Tos b 
Well shape (10718 cm) 1074 cm s (barns) 


Tos Oos 


k? de. a, des 
o.(exact) --— > ome enue vagal 


—o.(BJ) 


o,(exact) 
(barns) oe Ok* o, das a. Woe 





0.1107 
0.1251 
0.1398 


0.1226 
0.1311 
0.1456 


3.00 0.907 
2.55 0.920 
2.06 0.934 


0.919 
0.928 
0.943 


0.934 
0.939 
0.954 


3.15 
2.66 
2.15 


3.05 
2.67 
2.05 


2.95 
2.67 
1.95 


Square 


Exponential 


0.1341 
0.1382 
0.1508 


Yukawa 


— 1.37 
—1.27 
—1.17 


— 1,22 
—1.19 
—1.12 


— 0.0007 
— 0.0003 
+0.0002 


— 0.0003 
0 


0.1100 
0.1248 
0.1400 


0.1223 
0.1311 
0.1452 


0.1314 
0.1365 
0.1495 


— 0.096 


—0.63 


— 0.0004 


— 0.0027 
—0.0017 
— 0.0013 


—1.10 
—1.10 
— 1.08 








10H. S. W. Massey and R. A. Buckingham, Proc. Roy. Soc. (London) 163, 281 (1937). 
1 See, for example L. Rosenfeld, Nuclear Forces (Interscience Publishers, Inc., New York, 1948), Chap. 5. 
®T wish to thank Professor G. Chew for informing me of a compact method of carrying out these numerical integrations. 
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Fic. 1. The theoretical total n—p cross section ovotai for a square 
well, is plotted versus the effective singlet range ro, for neutron 
energies E, = 14.05, 14.10, 14.15 Mev. The limits for ro, corre- 
sponding to the experimental result, (9), for ototai are indicated. 


1 percent error in ototai would yield an 8.6 percent un- 
certainty in ro, for a square well, and a 16.9 percent 
uncertainty in ro, for a Yukawa well, if the energy and 
all other pertinent parameters were known exactly. At 
14.1 Mev, the total cross section is only half as sensitive 
to ro, for a Yukawa interaction as it is for a square well 
interaction. For comparison, at 4.5 Mev, S.is —14.2, 
~15.6, —17.3 for square, exponential and Yukawa 
wells, respectively. Hence, a measurement of ototai is 
substantially more sensitive to ro, at 14.1 Mev than at 
4.5 Mev for a short-tailed well, and of comparable sen- 
sitivity for a long-tailed well. 
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‘1G, 2. Same as Fig. 1, for exponential well. 


SNOW 


TaBLe III. D wave contribution, ¢p, to the total n—p cross section 
at E= 14.10 Mev. 





op (triplet) op (singlet) op (total) 
(b) (b) (b) 


Well shape 





2.8X10~¢ 
7.0X 10~ 
1.010 


3.7X 10~¢ 
7.2X10~+ 
1.1X 107% 


0.9X 10-6 
2.4X 1075 
1X10 


Square 
Exponential 





IV. SCATTERING CROSS SECTION FOR L=1,2 


The only further contributions to the total cross 
section that need be considered are those made by 
states of angular momenta L= 1 and 2. To calculate the 
D wave contribution the Born approximation was used. 
The depth and width of the triplet and singlet poten- 
tials were obtained from the best values of ro:, ds, as 
and a mean value of ro,. The results are listed in Table 
III. The contributions of the D wave to the total cross 
section for the exponential and Yukawa wells is large 
enough to be included, while for the square well, the 
contribution js negligible. 

In order to calculate the P wave contributions, one 
must know the exchange character of the potential. 
Consider a potential of the form 


V, o™ 4((1+A)+(1 —A)P.|V is, 


where P, is the Majorana space exchange operator and 
V,,, are the triplet and singlet potentials that best fit 
the low energy data for the n—p system. From the fact 
that there is very little P wave evident in high energy 
n-p scattering, Christian and Hart! conclude that 
0>A>-—0.2. (If A=0, V(L=1)=0.) The P wave con- 
tribution to the total cross section has been calculated 
in Born approximation as a function of A. The Born 
approximation overestimates the total cross section for 
negative A, that is, for repulsive potentials. For the 
Yukawa well, an improved calculation using the Pais 
approximation! was made for A= —0.2. These results 
are listed in Table IV. The maximum P wave con- 
tribution, for A= —0.2, is less than 0.001 b. Therefore, 
it can be neglected in the theoretical cross section 
without introducing any appreciable uncertainty in the 
total cross section. Since op and gp are very small, it is 
felt that more accurate estimates of these quantities 
including the effect of tensor forces would not appre- 


(23) 


TABLE IV. P wave contribution, op, to the total n—p cross section 
at E=14.10 Mev. 





Born approximation 
Pais 
approx. 
op (total) 
at d= —0,2 


op 

op op op (total) 
(triplet) (singlet) (total) at A= 

Well shape (b) (b) (b) —0.2 





0.0002 
0.0004 
0.0010 


0.00324? 0.00134? 0.00454? 
0.00944? 0.00174? 0.0114? 
0.0234? 0.0034? 0.0264? 


Square 
Exponential 
Yukawa 


3 Richard S. Christian and Edward W. Hart, Phys. Rev. 77, 
441 (1950). 
“4 A. Pais, Proc. Cambridge Phil. Soc. 42, 45 (1946). 
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ciably change our conclusions about the singlet effective 
range. It has already been pointed out that the tensor 
force will not appreciably effect the theoretical estimate 
Of otriptet for L=0. 

No attempt has been made to estimate any relativistic 
velocity dependent corrections to the theoretical cross 
section. We merely emply a wave number & corre- 
sponding to the relativistic relative momentum of the 
neutron and proton. This means that in Eq. (12), which 
defines k, we take E to be the relativistic kinetic energy 
of the neutron in the laboratory system. 


V. RESULTS AND DISCUSSION 


Summing the contributions of ¢, and o, for L=0 and 2 
given in Tables I, IT, and III, we obtain the theoretical 
values for otota; at E=14.10 Mev as a function of ro. 
for each potential well shape: square, exponential, and 
Yukawa. 
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Fic. 3. Same as Fig. 1, for Yukawa well. 


Using the derivatives of o, and a, with respect to 
energy, Gtota: is also obtained at E=14.05 and 14.15 
Mey, corresponding to the spread in the mean energy 
of the neutrons as given in (10). ototai is plotted as a 
function of ro, for E=14.05, 14.10, 14.15 Mev for 
square, exponential and Yukawa wells in Figs. 1, 2, 
and 3. The experimental total cross section, (9), then 
yields limits for 7, for each potential well. As illustrated 
in these graphs, we adopt the extreme limits for 70, 
obtained by comparing the upper limiting value of the 
cross section, 0.694 barn, with the otota: curve at 
E=14.15 Mev, and the lower limiting value, 0.684 
barn, with the otota: curve at 14.05 Mev. We thus obtain 
for the three wells, 


1o.= 2.22+0.24X 10-8 cm, 
o,= 2.24+0.33X 10-" cm, 
’o5= 2.1140.40X 10-" cm. 


Square 
Exponential 
Yukawa 


(24) 
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Fic. 4. The n-p singlet intrinsic range b,_,“” is plotted versus 
the effective singlet range, ro, for the Yukawa well, using 
a,= —0.04221 Xx 10% cm™. The limits for 6,_,‘* corresponding to 
the experimental limits for ro, are indicated. 


About two-thirds of the uncertainty in ro, arises from 
the probable error in the measurement of oiota1 and one 
third from the neutron energy uncertainty. This result 
can be compared with the values of ro, obtained by 
Salpeter, 


ros=2.65(S), 2.55(E), 2.45(¥)+0.5X10-" cm, (25) 


for square, exponential, and Yukawa wells, respectively. 
The values of 79, obtained here from the 14.10-Mev 
total n-p cross section [Eq. (24) ], are substantially 
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Fic. 5. Same as Fig. 4, except the singlet well depth s,_, instead 
of the intrinsic range b,_»“. 








GEORGE 


Squore 


iS 


Exponential 





15 


YUKAWA 


is 


N-P & PP Singlet intrinsic ronges, (b) in units of 10“em 


Fic. 6. Comparison for each potential shape of the p—p singlet 
intrinsic range with the n-p singlet intrinsic range obtained from 
the present analysis. 


smaller but not inconsistent with the values of ro, 
obtained from the lower energy measurements [Eq. 
(25) |. The mean value of 79, depends only slightly on 
the potential well shape primarily because the shape 
dependent factor P; plays only a small role in the deter- 
mination of o;. With the reduced errors in ro, obtained 
here, it is interesting to compare the parameters of the 
n-p and p-p singlet potential wells. Using the tables of 
BJ we have plotted the intrinsic range 6 and the depth s 
as a function of ro, using the value of Eq. (7) for a. 
Figures 4 and 5 illustrate such graphs for the Yukawa 
well. The limits on ro, given by Eq. (24) then determine 
limits for 6 and s. These values of } are listed in Table V 
along with the p-p singlet and n-p triplet intrinsic 
ranges. The p-p singlet intrinsic range is obtained from 
the analysis by Jackson and Blatt!® of the very accurate 
p-p scattering data. The n-p triplet parameters are 
obtained from the values of ro, and a; given in Table I. 
Finally, the intrinsic ranges of Salpeter are tabulated. 

The hypothesis of charge independence of nuclear 
forces would imply equality of the n—p and p-p singlet 
intrinsic ranges. From Table V we see that there is a 
definite indication that the n-p singlet intrinsic range 
b,_» is smaller than the p-p singlet intrinsic range, 


18 J. D. Jackson and J. M. Blatt, Revs. Modern Phys. 22, 77 
(1950). 
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TABLE V., Intrinsic ranges, 6, of m~p and p-p potential wells, in 


units of 10-" cm. 








p-p singlet 
(Jackson and 
Blatt) 


2.58+0.06 
2.51+0.06 
2.47+0.06 


n-p singlet 
from otal 


(14.1 Mev) 


2.130.23 
2.11+0.30 
1.97+0.35 


n-p singlet 
(Salpeter) 


2.25+0.5 
2.4 +0.5 
2.55+0.5 


n-p triplet 


2.04+0.12 
2,350.12 
2.91+0.12 


Well shape 





Square 
Exponential 
Yukawa 








b,-»™ for all three potential wells. Figure 6 makes this 
comparison of n—p and p-p ranges clearer. Obviously, 
the rather large error in b,_,“ precludes any conclusive 
statement to the effect that n-p and p-p intrinsic 
ranges are unequal. This indication of singlet range 
inequality is most pronounced for the square well. A 
comparison of the n-p singlet and n- triplet intrinsic 
ranges shows that these ranges are different for the 
Yukawa well and that they overlap for the square and 
exponential wells. This difference for the Yukawa well, 
between n-p singlet and n-p triplet potential well 
widths, is perhaps not surprising since it was already 
established that the p-p singlet intrinsic range for the 
Yukawa well was smaller than the n-p triplet intrinsic 
range. 

The values of the -p singlet potential well depths 
obtained here are listed in Table VI along with the 


TABLE VI. Well depths, s, of n—p and p-p potential wells. 


n-p triplet 


1.440 
1.416 
1.419 


Well shape 


pP-p singlet 
0.889+0.003 
0.907 +0.003 
0.922+0.003 


n~-p singlet 





0.932+0.007 
0.938+0.008 
0.950+0,009 


Square 
Exponential 
Yukawa 








values of s for the p-p singlet (Jackson and Blatt'®) and 
the n-p triplet potentials. The present results indicate 
that s(n») is larger than s(p_p)“ for all potential 
wells. This discrepancy is smallest for the Yukawa well. 
This result reiterates with slightly more force the same 
result already obtained by Bethe* from a comparison of 
a,"-”) and a,"°-”) assuming equal singlet »—p and p-p 
intrinsic ranges. Schwinger'® has given a possible ex- 
planation of this small difference in potential well 
depth in terms of the different electromagnetic inter- 
actions that are present in the n—p and p-p systems. 

I wish to thank Professor H. S. Snyder for some 
helpful discussions. The aid in numerical computation 
rendered by Miss Gertrude Nissenbaum and Miss Jean 
Snover is hereby gratefully acknowledged. 


16 J. Schwinger, Phys. Rev. 78, 135 (1950). 
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The alpha-particle groups from thin aluminum targets bombarded with 1.8-, 2.0-, and 2.1-Mev deuterons 
have been studied with a high resolution magnetic spectrograph. Eleven of these groups have been assigned 
to the Al"(d,a)Mg* reaction, corresponding to the ground state and ten excited states of Mg” in a region 


of excitation from zero to 4.0 Mev. 


The proton groups from a thin natural magnesium target were also studied at deuteron bombarding 
energies of 1.5, 1.8, and 2.0 Mev. Eleven of the observed proton groups could be assigned to the Mg**(d,p) Mg®™ 
reaction, corresponding to the transition to the ground state of Mg* and the same ten excited levels found 


from the Al?’(d,a)Mg® reaction. 


The excited states in Mg™ found from these two reactions are at 0.583, 0.976, 1.611, 1.957, 2.562, 2.736, 


2.799, 3.405, 3.898, and 3.969 Mev. 





I. INTRODUCTION 


HE most extensive investigation of the energy 
levels of Mg” has been the recent work of Toops, 
Sampson, and Steigert.! From the Al?’(d,a)Mg™ reac- 
tion, using nuclear-emulsion technique, they found 
levels in Mg” at 0.58, 0.93, 1.62, 2.09, 2.74, 3.36, 3.96, 
4.12, 4.87, 5.56, 5.93, 6.98, 7.85, 8.62, 9.06, 9.75, 10.78, 
and 11.89 Mev with an average error of 40 kev. The 
second level is also excited by the beta-decay* of Na™. 
The Mg**(d,p)Mg* reaction has also been used** to 
obtain information on the excited states of Mg”. The 
results from this reaction have been summarized by 
Alburger and Hafner,’ together with earlier work on 
the Al"(d,a)Mg* reaction. They present levels at 
0.58, 0.98, 1.58, and 2.54 Mev. 

Since both the Al’7(d,a)Mg* and the Mg™(d,p)Mg™ 
reactions have relatively high ground-state Q-values 
(6.694+0.010 and 5.094+0.010 Mev’), an investigation 
of the Mg” levels by means of both reactions was 
possible with the 2-Mev electrostatic generator and 
magnetic spectrograph that have previously been used 
for similar studies. The Al?’(d,a)Mg® reaction has the 
advantage that aluminum occurs naturally as a single 
isotope, so that a definite assignment of the alpha- 
particle groups observed can be made. Natural mag- 
nesium, on the other hand, contains the isotopes Mg™ 
(10.11 percent) and Mg** (11.29 percent), in addition 
to Mg” (78.60 percent). This makes the correct assign- 


* This work has been assisted by the joint program of the ONR 
and AEC. A report of these measurements was given at the 
American Physical Society Meeting in New York, February 2, 
1952 


ft On leave from the University of Utrecht, Utrecht, Netherlands. 

ft On leave from the University of Bergen, Bergen, Norway. 

1 Toops, Sampson, and Steigert, Phys. Rev. 85, 280 (1952). 

2 E. Bleuler and N. Zunti, Helv. Phys. Acta 20, 195 (1947). 

3 Allan, Wilkinson, Burcham, and Curling, Nature 163, 210 
(1941). 

4Yu A. Nemilov and L. I. Gedeanov, Dokl. Akad. Nauk. 
SSSR 63, 115 (1948). 

5D. E. Alburger and E. M. Hafner, Revs. Modern Phys. 22, 
373 (1950). 

* Strait, Van Patter, Buechner, and Sperduto, Phys. Rev. 81, 
747 (1951). 
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ment of the proton groups from a deuteron-bombarded 
natural magnesium target more difficult. 

However, the Q-values obtained from (d,p) reactions 
are generally more accurate tnan are those from (d,a) 
reactions. Thus, an investigation of the Al?’(d,a)Mg™ 
and the Mg*(d,p)Mg™ reactions presents the ad- 
vantages of both accurate assignment and high pre- 
cision. This situation is very similar to that encountered 
in the work on the excited states of Si?® from the 
P*'(d,a)Si?® and Si*8(d,p)Si®® reactions.’ Phosphorus in 
nature occurs as a single isotope, while in natural silicon, 
in addition to Si?’, Si?® and Si*® are also present. There- 
fore, the P*!(d,a)Si*® reaction was used for identification 
of the Si levels, and the Si**(d,p)Si*® reaction provided 
the more accurate Q-values. 


Il. EXPERIMENTAL PROCEDURE 


Deuterons were accelerated by the M.I.T. 2-Mev air- 
insulated electrostatic generator and analyzed in a 
90-degree magnet. The alpha-particles and protons 
emerging from the thin aluminum or magnesium targets 
were deflected and focused in a 180-degree magnetic 
spectrograph and were detected by means of nuclear- 
track plates. The analysis was at 90 degrees with the 
incoming deuteron beam. Details of the experimental 
arrangement have been published previously.*:*-* 

The targets used for the Al?’(d,a)Mg® reaction con- 
sisted of thin layers of aluminum evaporated in vacuum 
onto thin Formvar backings. The thickness of the 
aluminum targets was approximately 10 kev for the 
Al?"(d,a)Mg® ground-state group at 2.1-Mev bombard- 
ing energy. 

The magnesium target was prepared by evaporating 
natural magnesium in vacuum onto a platinum backing. 
The thickness of this target was 15 kev for the 


7Endt, Van Patter, Buechner, and Sperduto, Phys. Rev. 83, 
491 (1951). 
® Buechner, Strait, Stergiopoulos, and Sperduto, Phys. Rev. 74, 
1569 (1948). 
om Strait, Sperduto, and Malm, Phys. Rev. 76, 1543 
9). 
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Fic. 1. Spectrum of alpha-particles observed from deuteron bombardment of a thin aluminum target. 


Mg*(d,p)Mg® ground-state group at 1.8-Mev deuteron 
bombarding energy. 

Several surveys of alpha-particle groups from alumi- 
num targets on Formvar backings were made. One 
survey at 2.1-Mev bombarding energy extended from 
7.5-Mev down to 1.6-Mev alpha-particle energy. No 
curves from the region below 3.8-Mev alpha-particle 
energies are presented in this paper, however, for the 
following reasons: The Hp region 248 to 282 kilogauss- 
centimeters, corresponding to alpha-particle energies of 
2.9 to 3.8 Mev, is partly obscured by the presence of one 
strong alpha-particle group from the O'*(d,a)N"™ re- 
action and three strong groups of deuterons elastically 
scattered from Al’, O'*, and C” nuclei; and, below 
2.9 Mev, no alpha-particle group could be discerned 
from the background which amounted to about 5 
percent of the ground-state group. A calculation indi- 
cates that the escape probability through the Coulomb 
barrier for alpha-particles with energy less than 4 Mev 
is very low when compared with that of particles from 
competing reactions. 

In the present work, the survey of proton groups from 
the Mg**(d,p)Mg™ reaction was extended down to 
2-Mev proton energy. In the lower energy region, the 
nuclear-track plates were covered by thin aluminum 
foils to stop deuterons elastically scattered from the 
thick target backing. 

Studies of the particle groups from each target were 
made at several deuteron energies. As in much of our 


previous work, the measured shift in energy of the 
various groups as the deuteron energy was varied 
provided a check on the assignment of the groups to 
the target nuclei involved. 


III. RESULTS 
The Al?’(d,a)Mg*® Reaction 


The alpha-particle groups observed from an alu- 
minum target bombarded with 2.1-Mev deuterons are 
shown in Fig. 1. Eleven groups numbered (0) through 
(10) have been assigned to this reaction. In addition to 
the survey at 2.1-Mev bombarding energy presented in 
Fig. 1, other surveys were made at 1.8 and 2.0 Mev. 

From the results of surveys on other targets, only 
one relatively strong contaminant group of alpha- 
particles was to be expected in the energy region pre- 
sented. This is the group from the ground-state transi- 
tion of the C(d,a)B" reaction. C" is present in the 
natural-carbon contamination layer (1.1 percent C"*) 
on the surface of the target and in the Formvar backing 
of the target. At 2.1-Mev bombarding energy, the 
carbon group coincides with group (7) from the 
Al’?(d,a)Mg® reaction. To show that group (7) is not 
entirely caused by the carbon contamination, an insert 
is given in Fig. 1 presenting the relevant energy region 
at 1.8-Mev bombarding energy. The carbon group in 
the figure is well separated from the groups that are 
due to the Al’?"(d,a)Mg® reaction. 











EXCITED STATES OF Mg?! 


The Q-values for the Al?’"(d,a)Mg® reaction are given 
in Table I. The relative intensities presented in Column 
2 apply to 2.1-Mev bombarding energy. The Q-values 
listed for groups (0) through (8) are averages of results 
obtained from at least two different bombarding 
energies. The spread in energy among the individual 
determinations was less than 10 kev. Groups (9) and 
(10), however, have only been observed at 2.1-Mev 
bombarding energy, their yield being too low at 1.8 Mev 
and 2.0 Mev. Their assignment to the Al*7(d,a)Mg* 
reaction is based principally on the good agreement of 
the corresponding levels in Mg®, listed in Table II, 
with those calculated from the Mg’(d,p)Mg” reaction. 


The Mg*(d,p)Mg”> Reaction 


The proton groups observed from the natural mag- 
nesium target bombarded with 1.8-Mev deuterons are 
shown in Fig. 2. Data have also been taken at 1.5- and 
2.0-Mev bombarding energies, but they served only to 
confirm the presence of the groups found at 1.8 Mev and 
presented no new aspects. 

Eleven groups were assigned to the Mg™(d,p)Mg* 
reaction, numbered (0) through (10) in the figure. 
Three of the other groups were attributed to the usual 
contaminants C' and O'*. The assignment of proton 
groups to the Mg*(d,p)Mg* reaction was done pri- 
marily by checking the positions of the Mg” levels 
calculated from them with those observed from the 
Al’"(d,a)Mg” reaction. A second check was obtained 
by measuring the energy shift of the proton groups 
connected with a change in bombarding energy. In 
this case, the bombarding voltage was varied from 1.5 
to 2.0 Mev, thereby making it possible to determine 
the mass of the target nucleus responsible for the 
reaction to within about 3 mass units. 

Finally, the region above the carbon group was also 
surveyed with targets enriched in either Mg” or Mg’. 


TABLE I. Q-values and relative intensities. 
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PROTON ENERGY IN Mev 
00 3.50 400 


Al?7(d,a) Mg™ Me™(d,p) Mg™ 
Group Rel. int. Q-value in Mev Rel. int. Q-value in Mev 
(0) 1.0 6.694+0.010 1.0 5.097 +0.007 
(1) 0.5 6.110+0.010 0.7 4.515+0.006 
(2) 0.8 5.717+0.008 0.7 4.121+0.006 
(3) 1.5 5.084+-0.008 0.07 3.485+0.005 
(4) 0.8 4.736+0.008 0.7 3.140+0.005 
(5) 0.2 4.136+0.008 1.2 2.532+0.005 
(6) 0.7 3.965+0.008 0.3 2.355+0.006 
(7) 0.5 3.903+0.012 04 2.291+0.005 
(8) 0.6 3.290+0.008 0.5 1.692+0.005 
(9) 0.1 2.798+0.012 0.2 1.198+0.005 
(10) 0.1 2.729+0.012 0.2 1.125+0.009 
(11) eee tee 0.6 (0.832+0.004) 
(12) 0.2 (0.676+0.008) 








This work will be reported in a separate paper. It 
served to identify thirteen low intensity groups as 
either due to the Mg™(d,p)Mg’® reaction or to the 
Mg"*(d,p)Mg”’ reaction. Four of the most intense of 
these groups have been indicated in Fig. 2. This work 
also served to show that groups (0) through (4) assigned 
to Mg* were not due either to Mg* or td Mg”®. 

Two additional intense proton groups appear in Fig. 2 
at Hp=226 and Hp=216 kilogauss-centimeters; these 
have been attributed tentatively to the Mg**(d,p)Mg” 
reaction, although the possibility is not entirely ex- 
cluded that one or both of them are due to either Mg® 
of Mg”® as the target nucleus. The corresponding Mg* 
levels could not have been detected in our work on the 
Al??(d,a)Mg® reaction because of low yield. 

The Q-values calculated for the proton groups from 
the Mg**(d,p)Mg® reaction are presented in Table I. 
The corresponding energy levels in Mg® are listed in 
Table II, column 2. 

Relative intensities of the proton groups at 1.8-Mev 
bombarding energy have been included in Table I, 
column 4. A rather large uncertainty must be assigned 
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Hp IN KILOGAUSS CENTIMETERS 


Fic. 2. Spectrum of protons observed from deuteron bombardment of a thin magnesium target. 
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Fic. 3. Energy-level diagram of Mg®. 


to them, however. The spectrum in Fig. 2 has been 
obtained by successive exposures of twenty nuclear- 
track plates at different field strengths of the analyzing 
magnet. Apart from the other drawbacks of this method 
for intensity comparison, it was observed after the com- 
pletion of the survey that about 75 percent of the 
original amount of magnesium on the target had dis- 
appeared, indicating that relative intensities may be 
wrong by as much as a factor of 4. 

The small relative intensity of group (3) at 1.8-Mev 
deuteron bombarding energy is remarkable, since at 
2.0 Mev this group is of the same intensity as that for 
groups (2) and (4). Groups (11) and (12) have been 
included in Table II in brackets because their assign- 
ment is not certain. The Q-value for the ground-state 
transition (5.097+-0.007 Mev) is in agreement with the 


HAFFNER, 


AND BUECHNER 

one published previously® (5.094+0.010 Mev). The new 
value is based on six determinations, compared with the 
old value that was based on only two. 


IV. CONCLUSIONS 


From Table II, it can be seen that there is agreement 
between the level schemes found from both reactions 
within the experimental error. Levels (6) and (7) show 
the largest differences (13 and 15 kev), but rather large 
experimental errors were also assigned to the corre- 
sponding groups from both reactions because these 
groups are situated near intense contaminant groups. 

There is also agreement between the level positions 
found from this work and those found from the work 
of Toops, Sampson, and Steigert,! as well as from the 
Alburger and Hafner® compilation. 

In Fig. 3, a level diagram of Mg” is presented, in- 
corporating the present results. Kinsey, Bartholomew, 


TABLE IT. Energy levels in Mg® (excitation energy in Mev). 





Group Mg"(d,p) Me™ Al?"(d,a) Mg® Toops et al.* Alburger> 





(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
(9) 
(10) 


0.582+0.006 
0.976+0.006 
1.612+0.006 
1.957+0.006 
2.565+0.006 
2.742+0.008 
2.806+0.007 
3.405+0.007 
3.899+0.008 
3.972+0.010 


0.584+0.006 
0.977+0.010 
1.610+0.010 
1.958+0.010 
2.558+0.010 
2.729+0.010 
2.791+0.015 
3.404+0.012 
3.896+0.015 
3.965+0.015 


0.58+0.02 0.58 
0.93+0.04 0.98 
1.62+0.03 1.58 
2.09+0.05 ee 

2.54 


2.74+0.03 
3.36+0.03 


3.96+0.04 


(4.265+0.007) 
(4.421+0.010) 


(11) 


4.12+0.04 
(12) Ze 





* See reference 1. 
> See reference 5. 


and Walker! have recently measured the energies of 
gamma-rays from the capture of slow neutrons by 
natural magnesium. Only one of their gamma-rays, the 
one leading to the Mg” ground state has been included 
in the diagram. This is the only Mg*4(n,y)Mg® gamma- 
ray that can be assigned at present unambiguously be- 
cause of the complications introduced by the presence of 
Mg” and Mg*® in the natural magnesium. 

We wish to acknowledge the generous cooperation of 
our colleagues at the High Voltage Laboratory. We are 
particularly indebted to Miss Jane Pann, Mrs. Helene 
Harris, and Mr. W. A. Tripp for their careful counting 
of the nuclear-track plates and to Mr. A. Sperduto for 
his continued assistance in the operation of the electro- 
static generator and the associated apparatus. 

10 Kinsey, Bartholomew, and Walker, Phys. Rev. 83, 519 (1951). 
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The scattering of a particle by a system of N particles is 
described without approximation by a set of equations not 
containing the interaction Hamiltonian, but an infinite set of 
two-body collision parameters which can be obtained from solving 
two-body problems. These equations, obtained with the assump- 
tion of two-body potential interaction between particles, can be 
applied to the case where the scattering particles are themselves 
complex systems, provided that the relevant two-body collision 
parameters are known or inferred from experiment. In the 
simplest case where the only relevant parameter is the scattering 
length, the first approximation is Fermi’s result for the scattering 
of slow neutrons by protons. The “impulse approximation” is 


shown to be an approximate form of the present first approxima- 
tion. It is shown that previous approximation schemes, in general, 
fail to give convergent higher approximations for the limiting 
case of point scatterers, whereas the present equations give 
convergent higher terms. It can be concluded that the latter are 
particularly appropriate for short-range interaction. The matrix 
a which contains all necessary two-body collision parameters is 
expressed in terms of solutions of the ordinary free two-body 
scattering problem. The result is applied to derive a revised 
theory of refraction and diffraction of slow neutrons in crystals 
by including the effect of zero-point motion of the nuclei and the 
electrostatic interaction between neutrons and electrons. 





I. INTRODUCTION 


HE usual starting point in treating the scattering 
of an incident particle by a system of many 
particles is the total Hamiltonian of the composite 
system. One assumes then that the solutions of the 
unperturbed scatterer are known and determines the 
effect of the incident particle by perturbation calculus. 
If the particles composing the scatterer are not 
simple but complex systems in themselves, such as 
nuclei or atoms, this direct approach becomes not only 
prohibitively complicated but it is often barred by 
ignorance of the correct Hamiltonian as in the case of 
nuclei. 

An alternative approach to the multiple scattering 
problem is used in classical dispersion theory and in 
Ewald’s theory of electromagnetic lattice waves. The 
individual scatterers are represented by point-dipoles 
characterized by their polarizability. The total field is 
composed by individual wavelets, each of which is 
expressed in terms of the effective field, i.e., the field 
emitted by all other scatterers, evaluated at the loca- 
tion of one scatterer. The remarkable feature of this 
method is its ability to be generalized for the case 
where the individual scatterers are not simple dipoles 
but atoms or ions. One uses the results derived for the 
simple case by simply substituting the appropriate 
polarizability for the atoms; these may be either 
calculated or observed. 

Another example of this approach is given by Fermi’s 
calculation of scattering of slow neutrons by bound 
protons.! The equations describing the scattering is first 
approximated by an equation which does not contain 
the interaction potential but the scattering length. The 
result is then applied to the more general case of 
complex nuclei where the interaction cannot be de- 
scribed by a two-body potential. By simply substituting 
the empirical scattering length of the nucleus, a complex 
many-body problem becomes tractable. 


1 E. Fermi, Ricerca sci. e vicostruiz 7, Part 2, 13 (1936). 
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These examples suggest that one could apply the 
same method to a wider field if it were possible to take 
the first step rigorously, i.e., to restate the scattering 
problem for a system of many simple particles in terms 
of two-body collision parameters rather than interaction 
potentials. Clearly, it will not be possible, in general, to 
characterize the scatterers by only one two-body colli- 
sion parameter as in the two cases mentioned. One 
must be prepared to deal with an infinite set of two- 
body collision parameters replacing the interaction 
potential. One may hope that it will be possible to 
eliminate, in a given case, all but a few of these pa- 
rameters as unessential. 

This step was taken in a previous paper’ for the case 
of static scattering centers. In the present paper the 
procedure is applied to the general case of a system of 
bound particles. 

The transformation of the many-body Schrédinger 
equation into a set of equations which contain only 
two-body collision parameters is done without approxi- 
mation; the solution, of course, is possible only by 
successive approximation. 

While in the case of simple scattering particles the 
new equations are thus rigorously equivalent to the 
Schrédinger equation, the approximate solutions of the 
two equations are not identical. It is found that the 
equations presented here are particularly useful for 
scatterers with short-range interaction. This result is 
not surprising in view of the similar circumstance in 
the case of fixed scatterers studied previously.” 


II. THE TRANSFORMED INTEGRAL EQUATION 


We consider the interaction of a colliding particle 
with kinetic energy W. and momentum-spin variables 
k, with a system of N particles interacting among 
themselves by an interaction Hamiltonian V which 
may include an external potential but does not act on 


?H. Ekstein, Phys. Rev. 83, 721 (1951). 
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the incident particle. The Schrédinger equation is 


)w=o, 


where W, is the kinetic energy ot the ith particle, and 
U describes the interaction between the incident and 
all target particles. The “initial” state of the system is 
described by the wave function W» which is a normalized 
solution of 


N 
(wd W+V+U-E (1) 


i=l 


(W.+LW4+V—-E)W=0, (2) 


describing a plane wave of incident particles. The total 
solution consists of the sum of Wo and y, the scattered 
wave which vanishes for large values of r, the coordinate 
of the incident particle. Equation (1) becomes 


(W.ALW+V+U—B)y=—UW. (3) 


We assume that U describes two-body forces only, so 
that it can be decomposed into 


N 
U=L U5 (4) 


i=1 

where every U; acts only on the positional and spin- 
coordinates of the incident and of the ith target 
particle. Since we deal with a multiple scattering 
problem, we decompose the scattered wave y into 
waves scattered by the individual target particles as 
follows: 

We+LW+V—-E/v¥itUW=—UMo, (5) 


and it is clear that 


Lvi=y¥, (6) 


can be written as 


—U%—Vy.-— ¥ Uj. 


ima 


so that Eq. (5) 


(W.+>W,.4tU;-B)y.= (7) 


We seek to restate the scattering problem in terms of 
the solution of a two-body problem which involves 
only U;. If the right-hand side of Eq. (7) is temporarily 
considered as a known function /, then the solution of 
the equation 
(WeALW,+U,-—E)\pi=h, (8) 
can be expressed in terms of the resolvent kernel K;, 
(WeAtDLWi—E)\Wi=(14+-Kvh, (9) 
and the compatibility of the two equations requires that 
K,+U(WALW,-E)K; 
—U(W.+DLW,-E)", (10) 
and 
K(W.+DLW,—-E£E)+KUi= 
Again, K,; is a unit operator with respect to variables 
describing the incident and ith 


—U;,. (11) 


other than those 


particles. 


STEIN 


To give a definite meaning to the inverse operators 
appearing in Eq. (10), it is remembered that in scatter- 
ing problems the solution containing outgoing waves is 
obtained by adding a small positive imaginary constant 
to the energy, and letting it vanish after integrations 
are performed.’ We shall assume tacitly that this is 
done in all subsequent equations. 

We now choose a definite representation in which the 
momentum- and spin-variables of all particles k and 
pi: +: pw are diagonal. In this representation all kinetic 
energy terms are numbers, and U; is a unit operator 
with respect to all variables except those of the colliding 
and the ith particle. In Eq. (8) and the subsequent 
equations all but these variables may be considered as 
constant parameters. With the notation 


E(p- ** Pi-s, Pisa pw) =E-Dnwi Wa, 
v=K(W.+W,—B), (13) 


where W, and W;, are definite functions of k and pi, 
respectively, Eq. (10) can be written 

vit U(W e+ W.—E)-"y.= a Ui. 

Equation (14) is now a statement of a two-body prob- 

lem. By Eqs. (19), (11), and (13) we obtain for Eq. (7) 
(WeA+L Wit V—Ebi= vot Dini vi 

—7(We+A+LW.—E) Vy. 

In order to obtain the asymptotic form of the wave 

function in coordinate space, we transform to that 

representation in which the energy of the unperturbed 


scatterer and the momentum of the incident particle 
are diagonal, i.e., we expand the present wave functions 


Wilk, p) 
p)=Xeil pi lk) 


where the gy, are eigenfunctions of the scatterer’s 
Hamiltonian 


(12) 
and 


(14) 


(15) 


(16) 


oW.+V— (17) 
The total scattered wave function >>; ¥;,:(k) is then 
the probability amplitude for finding the incident 
particle scattered into a state k and simultaneously, 
the scatterer in the state /. One obtains in the usual 
manner from Eq. (15) 


E)) ¢:(p)=0. 


(Wet Ei— E\¥ik)—L Lf (Bl vi, m| RVs, mC) dR 


m 4% 


ae f (15. ml E’Wirm())dR'=(El-e10) bo), (18) 


with 


(19) 


(g1, Vim); 
( LW.—En ). 
Vi, im= eS ee 
 WALW. HE 


Moller, Kgl. Danske Videnskab. Selskab, Mat.-fys. Medd. 
23, No. 1 (1945); 22, No. 19 (1946). 


Yi, in = 
and 


(20) 
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In coordinate space the asymptotic value of the wave 
function y;(r) is* 





<—y). 
w()~— (2x)! (— —), r(“* ‘), (21) 
kok, 
where 
F(k)= —(W.+Ei— E) ilk), (22) 
and ; is defined by 
W (ki) +E.=E. (23) 
With this notation Eq. (18) can be written 
Fj, m(k’) 
F@-ELE. | (el reml ea 
m igi W A(R’ )+Em—E 
F, m(k’) 
ih f (R| ¥«, tm | k’)———————_k’ 
m W Ak’) +En—E 
ae (R| ¥%,1|%o), (24) 
and 
DLiFii=F i. (25) 


Equations (24) and (25) restate the scattering problem 
in terms of two-body collision parameters. Only the 
knowledge of the unperturbed wave functions g; and 
of the two-body matrices y; is necessary to write down 
Eq. (24) explicitly. 

The integral Eq. (14) for y; can be simplified by 
separating off the total momentum of the two particles, 
as usual in two-body problems. To satisfy the conser- 
vation of momentum the interaction Hamiltonian U; 
must be of the form 


(kpi| Us| kp’) = («| Us| «’)6(K—K’), (26) 


where K is the total momentum and x is some relative 
momentum together with spin variables. By the form 
of Eq. (14) it is clear that y; can also be factored 


(kps| vil k’p’) = — (| «| «’)6(K—K’), (27) 
and the integral equation for a; is 
a+U(W(x)+W(K’)—E}'a=U;, (28) 


where W(x) is that part of W.+W; which depends on 
the relative momentum «x and W(K’) the remainder. 
Equation (28) involves only three momentum coordi- 
nates like the problem of scattering by a fixed center 
of force. 

In the remainder of this section the preceding equa- 
tions will be written down more explicitly for the case 
of scalar nonrelativistic particles with potential interac- 
tion. Let m and m; be the mass of the incident and the 
ith scatterer particle, respectively. We choose obviously 
for relative momentum coordinate the momentum 

*W. Pauli, Meson Theory of Nuclear Forces (Interscience 
Publishers, New York, 1948). We have added a minus sign 
missing in the text. 





conjugate to the relative distance of the two particles 


x= (mk+mp,)/(m+m,), (29) 
and 
K=k+ p,. (30) 
Then, 
W (x) = fx? /2u,, (31) 
and 
W(K)=®K?/2(m+m,), (32) 


where yu; is the reduced mass. The momentum repre- 
sentation of the potential U; becomes 


(kp,| U;|k’p’)=U.(n—«’)6(K,— Ky’), (26a) 
where 


U(x) = Qn) f exp(—ix-r)u,(r)dr. (33) 


The integral equation for the matrix a; becomes 


- U(«- «"")(%" Jal «) | ad 
(«| a| KX + f We) +W(K)—E aK 


= U(n- x’), 





(28a) 


in which K;, is considered as a constant parameter. If 
the potential has spherical symmetry, separation of 
variables in Eq. (28a) leads to a set of one-dimensional 
integral equations.’ Alternatively, the matrix a; can 
be constructed from the Green’s function which satisfies 
the differential equation 


[—(h?/2u,)V?+u,—E+W(K,)1G.(r, R) 





=—8(r—R), (34) 
as follows 25 
B-W(K)—W«’) 
(x| a; | «’) = (ny fea dR 
Xexp(ix’- R—ix-r)u;(r)Gi(r, R). (35) 


The matrices ¥;,im and ¥;, im are explicitly 


ik— i ik’— i 
(kl remik’)=— f tcnr(~ — lal- = ) 
m+ 


mM; m+m, 





X 5(k+ pi—k’—p;’) om(Di'Pn)dp'dp, (19a) 
and 
W(pi'Pn)— Em 
W(k'pi' Pn) —E 
mk—mp; m&k’—mp/ 
x ( lars! ) 


m-+m, 


(176 in| k’) = — f ei*(p) 





m+m; 
X6(k+ pi— k’— pi’)on(pi'pn)dpi’dp. (20a) 


* In reference 2 a minus sign on the right-hand side of Eq. (23) 
was omitted erroneously. 
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pi'Pn means explicitly p,--- pip,’ 
stands for all but the ith mo- 


The notation 


Pisi''* Py, Le, 
mentum. Further, 


h? sk” 2 ON pe 
W(k' pi’ Pn) = -( Fadl ; a =~), (36) 


mm Mm nim, 


and the analogous expression with omission of k”/m 
holds for W(p,’p,). Equation (21) becomes 


con (29)*m ky 
vi(r)~———_ exp(ikeFi(—r). (21a) 
hr r 


i 
III. DISCUSSION OF THE FIRST APPROXIMATION 


We consider first the scattering of a scalar particle 
by another particle bound by an external potential. If 
the range of the interaction force is very small, Eq. 
(26a) shows that U becomes constant. Hence, by 
Eq. (28a), a becomes also constant.* In this case the 
collision of two free particles in the center-of-mass 
system is described by the asymptotic wave function 


(22)! exp(ikor) 
V~(22)—! exp(tko-r) -————————a, 
h’r 


(37) 


as can be seen by applying Eqs. (21a) and (24) to the 
simple case of scattering by a fixed center of force. 
By comparing with the usual definition of the scattering 
length 
exp(ikor) 
W~exp(iko- r) -————a, 
r 


(38) 


one has 


a=h'a/(2r)*p. (39) 


By Eqs. (24), (19a), and (21a) we have for the first 
approximation of the bound scatterer 


exp(ikv) 


aa at. f git(p) go(k—ko+-p)dp, (40) 


r 


where 


k=kw yr, 


In coordinate representation the integral is 


f gi*(r) exp[ —ir- (k—ko) ]go(r)dr, 


and it is clear that Eq. (40) is identical with Fermi’s 
result for the scattering of neutrons by one bound 
proton.' 

Similarly, for V scatterers with scattering lengths a;, 


® The potential does not behave like any obvious delta-function, 
since this does not lead to a limiting value for a. In the case of 
a square well the potential becomes infinite and the radius zero 
in such a manner that the product potential X (radius)? retains a 
constant value. The author is indebted to Dr. G. Wentzel for 
this remark. 
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one obtains 


mexp(iki) N a; 
vi~— (2x) © =f or 
r i py 


Xexp[—iri-(K—Kko) ]go(r)dr, (41) 


the obvious generalization of Fermi’s result for NV 
bound scatterers. 

We now turn to the more general case where the 
two-body collision cannot be described merely by a 
constant a. It is shown in Sec. V that, in general, for 
small scattering cross section 


(x]| a! x’) = (x] f| x’). 
The matrix f describes the ordinary free scattering 
problem where “‘initially” both particles are described 
by plane waves. x’ is the relative “initial” momentum. 
We obtain for the first approximation 


(2x)4m exp(ikir) 
ieee sei Ef ero) 
2 ; ; 


mk—mp;  miko—mp,’ 
x(“ Disa react fil a 
m+m, 


x 5(k+ Pi- ky— pi) ¢0(Pi Pn)dpdp,’. 


m+m; 


(42) 


This equation has an intuitive meaning; it represents 
the probability amplitude for an initial momentum p,’, 
times the probability amplitude for a momentum p, in 
the final state, multiplied by the scattering function 
for the free two-body collision of particles ko, p,/—k, pi 
with the restriction of momentum conservation inte- 
grated over all initial and final momenta. It shows that 
in the first approximation the particles are considered 
free in the following restricted sense: The total process 
0! can be represented as a sum of elementary free 
collisions, although ultimately the scattering particle 
may remain in a bound state /. In classical language 
the interaction force U is so much larger than the 
binding force V that during the collision the two 
particles behave as if they were free, but immediately 
after the collision the binding force predominates again 
and may retain the particle in its original or another 
bound orbit. 

For the scattering of slow neutrons by bound nuclei 
Eq. (42) can be further simplified. We notice first that 
it is necessary here to use the generalization from 
simple particles to composite particles discussed in the 
introduction. If the scatterer is very small in comparison 
to 1/ko, the scattering length would be a constant if the 
scattering were due to a potential but not when the 
scatterer itself is a complex system. For example, the 
scattering of slow neutrons by nuclei may well be 
velocity-dependent. Hence, in this case a is not defined 
by Eq. (28) but by a more general equation describing 
the scattering of a neutron by a free nucleus, an 





SCATTERING BY 


equation which we cannot correctly state and much 
less solve. 

Since the range of interaction is small, the matrix f, 
considered as a function of its first argument, will be 
substantially constant up to wave numbers of the 
order of (range)~'. On the other hand, the wave func- 
tions ¢o, describing molecular binding, extend to wave 
numbers of about 10° to 10'° and drop off exponentially 
afterwards. Hence, one can replace the first argument 
of f by its value on the energy shell, i.e., such that the 
absolute value of the two arguments is equal. We do 
not have to consider angular dependence, since only 
S scattering is of importance here. If we consider the 
scattering length a as a function of the relative momen- 
tum «x, Eq. (42) can be written 


mik— mp, 
tinea 


m+m; 


exp(ihy) 


vi~-— 


=} ee 


r i wy 
x 6(k+ Pi- ky— 


Pi’) ¢o( pi’ Pn)dpdp,’. (43) 
Equation (43) determines the influence of molecular 
binding on resonance scattering of slow neutrons. One 
can verify that in the range of the 1/v-law where the 
“free” scattering cross section is a constant, molecular 
motion has no influence on the cross section, which is a 
well-known result of more intuitive analysis. In the 
resonance region itself an influence of molecular motion 
exists, but because of the usually small ratio m/m; it 
is very small. 

In the more general case where the wavelength is 
comparable with the range of the interaction force, the 
replacement of f by its value on the energy shell, i.e., 
the R matrix, is not, in general, justifiable. 

Taking this step leads to a formula which is equiva- 
lent to the “impulse approximation” proposed by 
Chew’ on more intuitive grounds. 

It appears that this formula is the result of three 
independent approximative steps: (1) the use of the 
first approximation to Eq. (24), (2) the replacement 
of a by f, and (3) the replacement of the first argument 
of f by the value corresponding to the energy shell, 
ie., replacement of f by the R matrix. 


IV. DISCUSSION OF THE HIGHER APPROXIMATIONS 


In order to test the merits of diverse approximation 
methods for short-range forces we consider their con- 
vergence properties for the limiting case of point 
scatterers. 

It is well known that the second Born approximation 
for fixed or free point scatterers is infinite. It is perhaps 
not as well known that the same infinity occurs for a 
bound scatterer. According to well-known results, the 
second approximation is, for a delta-function potential,*® 


7G. F. Chew, Phys. Rev. 80, 196 (1950). 

8N. F. Mott and H. S. W. Massey, The Theory of Atomic 
Collisions (Clarendon Press, Oxford, Oxford, 1949). Formulas 
corrected for normalized incident wave. 
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the solution of the differential equation 


(V+ kn?) Wm(8) = (h? ‘2m) Om* (ry (r, r), (44) 


where 


exp(ikn - r ‘) 
¥C(r, d= ae Et Sof Ma 


erty (45) 


To investigate the convergence of the sum, we need 
only consider the asymptotic forms of wave functions 
and energies, since any finite number of terms gives a 
finite result. Most wave functions of systems of physical 
significance tend towards plane waves in the high energy 
limit, and the energies become asymptotically equal to 
the kinetic energy. Hence, we set 


Xexp(iky- 


¢p—(2x) exp(ip-r), (46) 


and 


kp=h[ (E—E,)/2m]}ip, (47) 


and the sum to be evaluated becomes 
exp(—p|r—r’|) 

S= f dp exp(ip- i a 
Xexp[i(ko—p)-r’]yo(r’)dr’, (48) 


where po is some large number beyond which the 
eigenfunctions may be identified with plane waves. 

The integration with respect to the angular variables 
in p can be carried out first with the result 


S=4n f pap f dr’ exp — pr'+iky: (r+r)] 
PO 


sin 
x er FP (49) 
v2 


Since only large values of p matter, only the neighbor- 
hood of r’=0 will contribute to the second integral. 
Hence, 


S= (4x)? go(r) exp(iko-r) 


x f pip f exp(— pr’) sinpr’dr’ (50) 
Po 0 


= (4x)*yo(t) exp(iko-#) f dp, 


and the result is infinite. One can conclude that, more 
generally, Born’s approximation is unsuitable for short- 
range interaction forces. 

An alternative approximation method for small scat- 
terers has been proposed by Lippmann and Schwinger.’ 


(1950). A. Lippmann and Julian Schwinger, Phys. Rev. 79, 469 
1950 
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Except for constant factors their second approximation 
differs from Born’s second approximation by the addi- 
tion of a constant term (—M/2y) to the exponential 
in the integrand of Eq. (45). We discuss this corrective 
term. Instead of Eq. (49) we obtain 


—4nrM 
S'= 
2u 


exp(ike-r) f pap f ar exp(iko-r’) 
PO 


, 


sinp 
X——go(r’+r)dr’. (51) 
y? 


If the second integral is expanded by integration by 
parts in descending powers of p, we get 


f dQ g0(r)/p=4 go(r)/p, 


so that the leading term of the sum S+5S’ is 


M 
S+5' = (49)? go(r) exp(iko- of “rio(—-—), (52) 
2p 2up 


which converges only for the special case 2u/M=2.!° 
The same objection does not necessarily apply to 
Breit’s theory," because a special limiting process is 
used there. However, this theory concerns only point 
scatterers. 

We now discuss the second approximation to Eq. 
(24) for the case of point scatterers, when a becomes 
constant. We obtain from Eq. (19a) 


(k| Fim| k’) = —a f es*(p'+k’—K)on(') 
_We)- En 
W V(b) (p')-E 


and the second approximation becomes 


1 
f (E+ W(k’)+Em—E 


W(p’)—Em 
x f orp +h’ —Wen(n) — 
W(k')+W(p'.)— E 


x f ent(e+ ko 


Again, asymptotically, the wave functions can be 
described by plane waves, and the energy can be set 
equal to the kinetic energy. The contribution of the 


dp’, (53) 


k’) go(p)dp. (54) 


10 W hether the finite result found by Lippmann is due to the 
special choice of wave functions, which do not belong to the class 
considered here, or to the limiting process used in the evaluation 
of the integral, remains undecided. 

"1G, Breit, Phys. Rev. 71, 215 (1947). 
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high energy spectrum is 


sf an 
vo W(k)+W(p")—E 


W(p)-W(p") | 
W(k’)+W(p')— zn 





x f oi*(p'-+k’—k)3(p'—p”) 


x f 6(p+ky—k’—p”) go(p)dp. (55) 


The integral with respect to p’ vanishes, so that the 
contribution of the high energy spectrum is zero. The 
difference between Eq. (55) and Born’s second approxi- 
mation for point scatterers is the absence of the ratio 


[W(p’)— Em ]/CW(k’)+W(p’)—E], 


in the latter. Without it Eq. (55) would give an infinite 
result in agreement with the previous calculation in 
coordinate representation, as one can easily verify. 

It appears that the high energy part of the spectrum 
is, in effect, cut off from the higher approximations to 
Eq. (24). This is not surprising if one recalls the original 
motivation of Fermi’s calculation, of which the present 
transformation is merely the rigorous complement. 

Equations of the type (5) or (7) are unsuited for the 
purpose of iteration when U is nearly constant, because 
in the language of perturbation calculus the inter- 
mediate states have too much importance. Hence, a 
transformation is made which takes many of the inter- 
mediate states into account at the outset. From the 
discussion of the first approximation it is also clear that 
these are just the high energy states where the bound 
particle can be considered free. Indeed, we found that 
the first approximation describes a set of elementary 
processes in which the scatterer particle scatters as 
though it were free. 

The first approximation to Eq. (24) can be inter- 
preted by the simple rule: Substitute a pseudopotential 
y for U and proceed as in perturbation calculus. A 
more genera! heuristic rule can now be given for the 
higher terms: Substitute the pseudopotential y and 
proceed by Born’s approximation method, cutting off 
all sums (or integrals) over intermediate states at an 
energy Emax such that 


Emax kinetic energy of the state. 


This rule is quite similar to one formulated previously 
in connection with fixed scattering centers. 


V. EXPRESSION OF THE MATRIX a IN TERMS OF 
ORDINARY COLLISION PARAMETERS 


If the particles involved in the many-body scattering 
process are elementary particles and their interaction 
can be described by two-body interaction operators, the 
determination of a can be carried out directly with no 
more difficulty than the determination of the ordinary 
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scattering amplitudes. However, the main interest of 
the present approach lies in the correlation of many- 
body scattering when the latter is really an interaction 
between more complex systems. In this case @ can 
often not be calculated, but the solutions of the ordinary 
scattering problem can be, more or less, inferred from 
experimental data. Therefore, it is necessary to express 
a in terms of these solutions. 

In the center-of-mass system of the two complex 
particles the scattering is described by the matrix‘ 

(Rl f[k)=Li(k| Ul R’)(k" |b] k’), 

where (k| U|k’’) is the interaction Hamiltonian in a 
representation which diagonalizes the energies of the 
separated systems and the relative momentum of their 
centers of mass. (k’’| |’) is that wave function which 
corresponds to the eigenvalue E(k’). The matrix f 
satisfies the integral equation 


(k| U| k!’)(R’"| fk’) 
E(k’) — E(k’) 


(56) 


U|k’), (S7) 





(Rl f/k)+2 =(k| 


and is connected to the asymptotic scattering amplitude 
by Eq. (21) with f substituted for F. 
The connection between the wave function and the 
matrix f is given by 
k| f|R’ 
(el o|8)= 36-4) -—C | 
E(k)— E(k’) 


the meaning of the denominator being defined by the 
convention stated in Section I. 

Generalizing Eq. (28) we define the matrix a as the 
solution of the integral equation 


(&| U|k"’)(h’"| ak’) 
E(k”)—Eo 





(kale) +E =(k|U|e). (59) 
Since a depends on the value of Eo, it should be 
written 
(k| a| R’; E)), 
but the third argument will be omitted. Clearly, f is a 
special case of a 


(| | k’; E(k’) = (b| f|’). 


We will now express a in terms of f. The similarity 
between Eqs. (59) and (57) suggests that in analogy 
with Eq. (56) we set 


(k| alk’) = Do(k| UR’) (R"| g| R’), 
so that by Eq. (59) 


(60) 


(61) 


(| a| k’) 


(el Ue") (eal e+ — 
E(k")— Ey 


-1(e"—#)]=0 (62) 
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The matrix g is an auxiliary quantity without direct 
significance. 

If U has an inverse, which we shall assume, the 
bracket vanishes. Multiplication by E(k’’)— Eo gives 


[E(k)—Eo](k| q| k’)+X(k| U| Re’) (R"| g| B’) 
=[E(k)— Eo ]6(k—k’). 
The matrix g is now expanded in terms of eigenfunctions 
(k|@|k’) in which we must for completeness include 
possible bound-state eigenfunctions «, with energies €,. 


(63) 


(bl q\k’)= f (k| | k)(R"|a| +50 wa(kan(k’). (64) 


One obtains then in the usual manner 


E(k’)—Eo 
—___— (|| k’”)*, 
E(k")—Eo 

E(k’) — 


€n~ eo 


(k”’|a| k’)= (65) 


a,(k’)= un*(k’). (66) 


By Eggs. (61) and (64) we obtain 
(k| | k’) =D (k| UR”) 
("| |”) (h’ | B| bh’) *{ E(k’) — Eo} 
x| f . mm? . 
E(k )—Eo 





+z (eye) (67) 


® €n— Lo 


By Eqs. (56) and (58) and the Schrédinger equation 
for “, this can be written 


E(k’)— Eo 
(elale)= felsie”) W181 oe, 
[en— EH) LEW) Fe] 

+E— 


un(b)U a(R’), (68) 
or %: ~ 


(| ae| b’)=(b| fH’) 
_ wl (e’| f\k’) 
J J E(k’) — E(k”) 
[en E() LE(#’)— Eo] 
r 


n €n— Lo 





| E(k')—Eo 
E(k"’)—Eo 





——tin(k)un*(k’). (69) 


For small scattering cross sections we may expect the 
bilinear terms to be small and set 


(| | k’) =~ (k| f|’), (70) 
a result to be expected from Eq. (59). One can see, 


however, that a large difference between E(k’) and Ey 
will make the corrective terms large. 
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The third term in Eq. (69) will become important if 
Ey is negative and close to one of the energies €,. It 
appears that this term, when introduced into Eq. (18), 
describes a rearrangement process, real or virtual, in 
which a bound state between the incident and one of 
the bound particles is formed. We do not enter upon 
this subject here. 

It has been pointed out previously” that in using the 
a for complex systems in the equations describing 
multiple scattering, the elastic submatrix (mok| a| nok’) 
is to be employed which describes only interaction 
processes which do not change the internal coordinates 
of the two particles involved (except for spin coordinates 
which can be taken into account explicitly). 

This is a basic limitation of the method used here. 
If, for instance, the collision of a neutron with a nucleus 
gives rise to y-ray emission, then the y-ray is not 
considered explicitly in this formulation, although the 
‘y-ray width” of the neutron scattering cross section 
is included. 


VI. REFRACTION AND DIFFRACTION OF SLOW 
NEUTRONS BY CRYSTALS, INCLUDING ZERO-POINT 
MOTION AND ELECTROSTATIC INTERACTION 
WITH ELECTRONS 


As an application of the method the dynamica! 
theory of refraction and diffraction of slow neutrons by 
large crystals will be presented in a revised form by 
including the zero-point motion of the nuclei and the 
electrostatic interaction with electrons. 

The theory as developed by Goldberger and Seitz'* 
shows a somewhat paradoxical feature in that the 
nuclei are considered as rigidly fixed, whereas their 
scattering length is that of loosely bound nuclei, i.e., 


dett=(M/ 1) A tree¥* Afixed, 


where d;.. is the scattering length observed in a free 
two-body collision’! and dys is the scattering length 
characterizing a nucleus in the lattice. But dere is, in 
general, quite different from the scattering length dyixea, 
which one would observe if the nucleus were rigidly 
fixed. 

To see this we compare the equations describing 
scattering in the two cases, fixed and free target 
nucleus, respectively. 


[—(h?/2m)V?+u—E]y=0, (71) 
[—(h?/2u)V+u—Ely=0, (72) 


for the simplest type of potential interaction, a square 
well. The two equations differ essentially by an effective 
coupling constant of ratio m/y. Considering only the 
S wave and the low energy limit, the cross section is 
an erratically varying function of the coupling con- 
stant.'® Hence, dfree and Grixea May differ by factors 

2H. Ekstein (to be published). 

8M. L. Goldberger and F. Seitz, Phys. Rev. 71, 294 (1947). 


\“ E, Fermi and L. Marshall, Phys. Rev. 71, 666 (1947) 
16 See reference 6, p. 30, Fig. 4. 
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substantially different from m/y, and it becomes 
necessary to justify the procedure by considering the 
motion of the nuclei. 

Another reason for this revision is the gain in sim- 
plicity. When the zero-point motion is taken into 
account, the wave function does not have any singu- 
larities, even if one idealizes the nuclei as point scat- 
terers, and one can hence use simpler mathematical 
methods. 

We consider an infinite crystal in the ground state 
and disregard all excited states. In this case the division 
into incident and scattered wave has no meaning, and 
we omit the inhomogeneous term in Eq. (18), so that 
y is now the entire wave function. Equation (18) takes 
the form 


(W.+Eo—E)iolk)— X | (Rl vi, 00] b’)W;, 0( Rak’ 


- f (kl Fool k’Wiolk’)dk’=0. (73) 


The energy E is now an unknown eigenvalue and not 
given beforehand. 

It has been pointed out elsewhere” that this pro- 
cedure of going to the limit of an infinitely extended 
scatterer is not quite rigorous, but the necessary 
correction for radiation damping is very small in most 
practical cases. 

It will appear in the following that for the relevant 
range of wave numbers k 


i= EotW.(k), (74) 
so that yi,o0 and 7;,00 become identical by Eqs. (19) 
and (20). Omitting the unnecessary subscripts 0, we 
can write for Eq. (73) in view of Eq. (6) 


(Wet Fo BAR) — f (bl 7 BO =0, (75) 


and by summation with respect to 7 


(Wet Eo Ew(e)— f (el v1 Hd’ =0, (76) 


with 

y=Lvi. (77) 
Further, by Eqs. (19a) and (39) we have for scalar 
interaction 


— i? aj 
(k| | k’)=——— ¥ — | go*(p)5(k+ p,—k’— pi’) 
(24)? i uy 


X ¢o(pi’pn)dpi'dp, (78) 


where a; and y; are the “free” scattering length and 
the reduced mass of the ith nucleus. In coordinate 
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representation Eq. (78) can be written 


(k| y|k) ef | ell emi (k—k’) Jur. (79) 
y On) 7 ¢o(r) |? exp[ir; r. 


The integral is the Fourier transform of the probability 
for finding the ith nucleus at the point r;. 

If Eq. (76) is now written in coordinate representa- 
tion, one obtains 


—}? 
( — V+ UartEo~E W=0, (80) 
2m 

with 


Verr=2rh*L (a; 1) feof) 2a(e—a. (81) 


If there are » different kinds of nuclei with scattering 
lengths a; and reduced masses yu;, we obtain 


na 
Uers(t) =20h? E —¥ | | vole’) |26(r—r/’)dr’, (82) 
i pj t 


where the second summation extends over all nuclei of 
type j. The sum with respect to i represents evidently 
the probability for finding any one nucleus of type ; 
at the point r, i.e., the expect&tion value of the density 
of nuclei j, viz., p;. Hence, Eq. (82) may be written 


n Qj 
Ueult)=2eh? D —pi(r). 
7 pj 


(83) 


This result was to be expected; the effective potential 
to be used is the Fermi pseudopotential of all nuclei, 
averaged with respect to the ground state of the crystal. 

Since the potential is now a smooth function, the 
wave function has no singularities, and one can proceed 
legitimately in the manner of Laue’s dynamical theory 
without the complications of Ewald’s lattice sums. We 
do not enter into the details, since the results are well 
known. It is a well-known feature of this theory that 
the strong waves have wave numbers very close to the 
vacuum wave number corresponding to the given 
energy, which justifies Eq. (74). One finds, rather 
obviously, agreement with the formulas given by Gold- 
berger and Seitz for wavelengths which are large in 
comparison to the spread of the nuclear wave functions. 
A decrease of intensities is found only when the neutron 
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wavelength becomes comparable to the zero-point 
motion’s amplitude, which is usually of the order of 
one percent of the interatomic distance. Such wave- 
lengths are never used in diffraction experiments, so 
that we find agreement with Goldberger and Seitz for 
all practical purposes. A deviation could only be ex- 
pected in such extreme cases as solid hydrogen or rather 
(since spin alignment is impracticable) solid deuterium. 
We next turn to the electrostatic interaction between 
neutrons and electrons. It is only necessary to include 
the electrons in the y,’s in Eq. (78), and all other 
calculations remain correct if the term corresponding 
to the electron interaction is added. 

We obtain then a total effective potential to be 
introduced into the Schrédinger equation of the neutron 

n dj ae 
U.n(r)= ant ~nie)+ rd} (84) 

i Bj Me 


where a, is the scattering length in a free neutron- 
electron collision and u, the reduced mass of the elec- 
tron, which is practically equal to the electronic mass 
itself. 

According to well-known results of the dynamical 
theory of x-rays, the integrated intensity of a beam 
diffracted by a large, perfect crystal is proportional to 
the appropriate Fourier coefficient of the potential (84). 

In addition to the first term which is practically 
constant, a second term is obtained from Eq. (84), 
which decreases with the increasing Miller index of the 
reflecting plane. This decrease, according to experi- 
mental results obtained from gases and liquids, is of the 
order of a few percent in the practical range.!*—!8 

The question arises whether the use of diffraction by 
large crystals would provide a more precise determi- 
nation of a,. Offhand, this would seem to be desirable 
because the well-defined state of the crystal eliminates 
a number of uncertainties connected with the liquid 
state. However, the deviations from rigorous periodicity 
in an actual crystal, even at low temperatures, will 
substantially affect the result. In particular, isotope 
and spin effects will tend to decrease intensities while 
mosaic structure increases them. The latter effect is 
particularly difficult to estimate, so that the method 
probably has no advantage over those used previously. 


16 Havens, Rabi, and Rainwater, Phys. Rev. 72, 634 (1947). 
17 E. Fermi and L. Marshall, Phys. Rev. 72, 1139 (1947). 
18 Havens, Rainwater, and Rabi, Phys. Rev. 82, 345 (1951). 
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An optical model for the scattering of nucleons by nuclei has been investigated. The model is one in 
which the interaction is described by a complex square well potential V(r) = —Vo—iWo, r< Ro. Comparison 
with experiment indicates that for the scattering of 18-Mev protons by Al, reasonable agreement is obtained 
using well parameters which are consistent with the requirement of the transparency model and of low 
energy neutron scattering. The boundary condition model of Feshbach and Weisskopf has also been exam- 
ined and a region of quasi-equivalence indicated for the two models. 


I. DESCRIPTION OF THE MODEL 


HERE is an energy range for which the problem 

of nucleon-nuclei interaction is somewhat analo- 
gous to the scattering of light by a conducting glass 
sphere, e.g., a colloidal suspension of gold particles in a 
glass bead. Such a medium is conventionally described 
by introducing a complex index of refraction, 


n?=e+i(4r0/w). 


The dielectric constant ¢ and the conductivity o are 
clearly macroscopic parameters which describe the 
average effects of a multitude of microscopic events. 
Although a rigorous treatment would require a detailed 
examination of the individual scattering processes tak- 
ing place at each metallic particle, the use of macro- 
scopic parameters is quite sufficient if only such features 
as the distribution of the scattered intensity and the 
total energy absorbed are desired. Similarly, it might 
be expected that the elastic scattering of nucleons by 
nuclei and the total absorption cross section could be 
described approximately by assigning macroscopic pa- 
rameters to nuclear matter—at least at energies suffi- 
ciently great that many levels contribute. Consequently, 
we have investigated an optical model for nucleon- 
nuclei scattering in which a complex square well 
potential is used, this being equivalent to a complex 
index of refraction.! A similar model was used by 
Pasternack and Snyder® to discuss neutron scattering 
at 90 Mev. 

The introduction of a non-Hermitian potential into 
the Hamiltonian means that the probability density is 
no longer conserved. If the potential is 


V(r) = —Vo—iWo, r<Ro, 


* The preparation of this paper was sponsored (in part) by the 
ONR. 

t AEC Predoctoral Fellow. 

t Now at Radiation Laboratory, University of California, 
Berkeley, California 

1H. A. Bethe, Phys. Rev. 57, 1125 (1940). 

2S. Pasternack and H. S. Snyder, Phys. Rev. 80, 921 (1950). 


then the continuity equation reads 
Op/di+divj= —2pW o/h, 
where p=y*y and 
j= (h/M) Im(y* Vy). 


Thus, per unit of its volume, the nucleus appears to 
absorb incident nucleons at the rate 2pW /h. This 
absorption corresponds, of course, to the over-all effect 
of any inelastic processes that can occur, and it is just 
the point of the model that these processes are taken 
into account through the macroscopic parameter Wo. 

The actual calculation of cross sections proceeds as 
usual, using a partial wave analysis and the tables of 
Coulomb wave functions published recently by Breit 
and co-workers at Yale University* and ‘the tables 
issued by the National Bureau of Standards. Before 
discussing the results, however, it is of some interest to 
compare the features of this model with a boundary 
condition model, proposed by Feshbach and Weisskopf,‘ 
in which the complicated phenomena occurring inside 
the nucleus are described in terms of surface values of 
the wave function. Specifically, the logarithmic deriva- 
tive of the wave function at the surface of the nucleus 
is required to satisfy the boundary condition 


a(rp) 
R i ea 
| or /|_. iK Ro, 


K=k(1+Vo ‘E)}, 


where 
k= (2mE/h’)}, 


and Rp is the radius of the nucleus. Since the logarithmic 
derivative is taken to be independent of angle this 
model cannot be regarded as exactly equivalent to the 
optical approximation. Indeed, for a complex well, the 
logarithmic derivative for the Lth partial wave, which 


* Bloch, Hull, Broyles, Bouricius, Free i r 
po ea tee leon man and Breit, Phys. 


*H. Feshbach and V. F. Weisskopf, Phys. Rev. 76, 1550 (1949). 
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we denote by Iz, is given by 


r= 1+2j1'(2)/jr(z), 
where 
s=u+iv=kRf1+(VotiWo)/E}}, 


and j, is the regular spherical Bessel function of order 
L. However, in the limit |z|>>Z we note, on using 
asymptotic forms for the Bessel functions, that 


Ty~v—iu; u, o>. 


Since I; is essentially independent of L, we see that in 
this limit the optical model leads to a value for the 
logarithmic derivative of the entire wave function 
which is at least approximately independent of angle, 
as was assumed in the boundary condition model, and 
accordingly the cross sections can turn out to be quite 
similar for the two cases at appropriate energies. 


II. COMPARISON FOR ALUMINUM 


Experimental results for the elastic scattering of 
protons by Al, Ni, Pd, and W at 18.6 Mev have recently 
been published. Relative angular distributions were 
obtained from 26° to 106° at 15° intervals. An attempt 
has been made t« fit these data for Al® using both the 
optical model and the boundary condition model. In 
making this fit, the parameters of the well have not 
been permitted unrestricted variation since some infor- 
mation exists which serves to limit them. The radius 
Ro was not regarded as adjustable at all, but chosen 
according to the accepted relation 


Ro=1.42X10-"A! cm. 


With respect to the well depth Vo, only two values were 
considered in any detail. One was the Fermi gas value 
of 30 Mev which has been found to be consistent with 
the requirements of the transparency model for high 
energy scattering.’ The second was the value of 45 Mev 
obtained by Bohm and Ford in their study of slow 
neutron resonances.® With respect to Wo, its range of 
values was determined as follows. The transparency 
model gives a value of absorption coefficient K=2.4 
X10" cm=' at 90 Mev. Assuming a gross 1/E depend- 
ence in the effective collision cross sections, this would 
indicate an absorption coefficient of about 5 or 6X10" 
cm~! at 18-Mev depending on the assumed well depth. 
Hence, only values of W» corresponding to absorption 
coefficients of this magnitude were used. It was then 
found a better fit could be made with the 45-Mev Bohm 


5 J. W. Burkig and B. T. Wright, Phys. Rev. 82, 451 (1951). 

6 Because of limitations in the tables of Coulomb wave functions 
available, only phase shifts up to L=5 can be calculated. For 
aluminum, kR=4.00. Phase shifts in this case for L=6 and 7 
were estimated by means of a Born approximation. For tungsten, 
kR=7.60 and phase shifts up to L=9 or 10 are important. 

7 Fernbach, Serber, and Taylor, Phys. Rev. 75, 1352 (1949). 

8D. Bohm and K. W. Ford, Phys. Rev. 79, 745 (1950). 
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Fic. 1. Differential cross section vs angle of scattering. The 
solid curve is the optical model result, the dashed curve the 
boundary condition model result. The experimental points are 
from reference 5. 


well than with a Fermi well. The best absorption depth 
was found to be Wo=20 Mev corresponding to an 
absorption coefficient K= 6.210" cm~ in reasonable 
agreement with the value extrapolated from the high 
energy transparency data. It was similarly found that 
the boundary condition model fit the data better with 
a Bohm rather than a Fermi well. In Fig. 1 the differ- 
ential cross sections which give the best fit are shown. 
The experimental points have been normalized to give 
agreement with the optical model at 26°. 

The reaction cross section predicted by each of the 
models is 0.60 barn (#Ro?=0.57 barn) but unfortunately 
no experimental results are available as yet. 

An examination of the curve seems to indicate that 
the optical model is in slightly better agreement with 
the experimental results than is the boundary condition 
model. This is rather pleasing, since the former seems 
to offer a more fundamental description than the latter 
and since the well parameters are reasonably consistent 
with those fitting other results at other energies as 
previously mentioned. 

It is hoped that additional tables of Coulomb wave 
functions will become available in the near future so 
that comparisons can be made with experiment for the 
other elements. However, until experimental values for 
the absolute differential scattering cross sections and 
the reaction cross sections are determined, the success 
of this model is difficult to estimate. 
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Nonlinear Pseudoscalar Meson Theory 
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An attempt is made to explain nuclear saturation by means of a nonlinear pseudoscalar meson field. 
The same nonlinearity as that introduced by Schiff for the scalar case is employed; the treatment follows 
similar lines, using classical field theory. The total source strength is calculated for an isolated nucleon at 
rest, and an expression for the two-nucleon interaction in free space is obtained. It is shown that both of 
these are infinite, so that a cutoff must be introduced. For the two-nucleon problem the variation method 
is used with a simple trial function, which is the superposition of the single-nucleon meson field amplitudes; 
this should be a good approximation for large separation of the nucleons. Then the nonlinear terms of the 
two-particle interaction are shown to be separable from the linear ones, and are repulsive. The nonlinear 
terms can also be separated in the many-body problem, but they are not necessarily positive definite here, 
and hence need not lead to saturation. A nuclear model, based on a lattice structure with stationary nucleons 


is discussed qualitatively. 


I, INTRODUCTION 


HERE have been several attempts to explain 

nuclear saturation consistent with known two- 
body interactions. Schiff recently proposed a nonlinear 
meson theory of nuclear forces? to explain both 
saturation and the shell structure of nuclei on the basis 
of many-body forces. Two methods by which a non- 
linearity may be introduced into the usual meson 
theories were discussed. The more promising of these 
methods, at least from the point of view of classical 
field theory, appeared to be the addition of a nonlinear 
term to the free meson wave equation. This case was 
studied in detail in (S) for a neutral scalar meson. The 
nonlinearity introduced into the Hamiltonian density 
was a positive one, proportional to ¢*, where ¢ is the 
meson field amplitude. This term corresponds physi- 
cally to a point-contact repulsion between mesons. 
The results seemed sufficiently promising that the 
investigation of a neutral pseudoscalar meson has now 
been undertaken along similar lines. The reason for 
this choice is that all recent evidence indicates that 
m-mesons are pseudoscalar.3~> The neutral meson is 
studied because of its inherent simplicity. The whole 
work is only intended to be of an exploratory nature, 
but the results are significantly different from the 
scalar case. 

We start with a Lagrangian for the meson field and 
meson-nucleon coupling and derive a field equation by 
the usual variation procedure. With this equation as a 
basis, the problem of an isolated nucleon at rest is 
discussed. The two-nucleon interaction in free space is 
treated, and a generalization is attempted for the 
interior of a heavy nucleus. In no instance have detailed 
calculations been made, since the nature of this study 
does not justify the lengthy computations that would 

L. I. Schiff, Phys. Rev. 84, 1 (1951), referred to here as (S) 
L. I. Schiff, Phys. Rev. 84, 10 (1951) 
*K. M. Watson and K. A. Brueckner, Phys. Rev. 83, 1 (1951) 
Panofsky, Aamodt, and Hadley, Phys. Rev. 81, 565 (1951). 
E. Marshak, Revs. Modern Phys. 23, 137 (1951). 


be required. General inferences, however, are made 
whenever possible. 


II. FORMULATION 


The Lagrangian for a pseudoscalar meson with 
pseudovector coupling to a nonrelativistic nucleon is 
(units of hA=c=1 are used) 


L= { (4000 dt)?—3(¥)’—G(¢) 


—f(r,t)o-o/uldr. (1) 
Here ¢ is the meson field amplitude, f is the source 
density, @ is twice the nucleon spin, wu is the meson 
rest mass, and G(@) is a nonlinear term which ap- 
proaches $u°¢* for weak fields. After a partial integra- 
tion, dropping the surface term, we get 


L= [400 at)?—3(9o)?—G(¢)+ 4: (fe)/uldr, (2) 


and the wave equation becomes 

(3) 
where the prime indicates differentiation with respect 
to the argument. If 7 is the momentum canonically 
conjugate to ¢, the Hamiltonian can be written as 


Ag— 0°o/dP—G'(o)= —V-(fo) ‘uy 


A= [ Ur+4(06)+G(6)—00- Yo) ajdt. (4) 


In order to obtain saturation, G(¢) should be chosen 
such that ¢ increases less rapidly than lineraly with f.! 
Since ¢ depends only on ¥- (fe), no direct requirement 
is imposed on G(@). However, for f=0, that is for a 
free meson, the wave equation is exactly ‘the same as 
that of the scalar meson. Thus, it is assumed in analogy 


with (S) that G(@) is 
G(¢) =4u°¢?+ 4a’, (5) 


where a@ is a constant to be determined by comparison 
of the calculated and experimental nuclear energies. 
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As for the scalar meson, the ¢* term can be interpreted 
as a point-contact repulsion between mesons. 

The free meson solutions are the same as those in 
(S) because the wave equations are alike. No further 
discussion is therefore necessary. The desirability of a 
variation principle for the solution of the meson field 
amplitude has also been indicated in (S). It can be 
shown, by a completely analogous procedure, that the 
negative of the Lagrangian also gives an upper limit 
to the energy here. 


III. ISOLATED NUCLEON AT REST 


The treatment of the pseudoscalar meson field as a 
classical one is complicated by the introduction of the 
spin. The usual definition, taken over from the limiting 
case of quantum mechanics is® {¢,, ¢,}=—2a., to- 
gether with cyclic permutations, where {_ } represents 
the classical Poisson bracket. In the case of an isolated 
nucleon at rest, the simplest solution is to treat @ as a 
fixed and constant vector of unit length, oriented along 
the z axis. Then ¢ will not necessarily be spherically 
symmetric; for simplicity, however, it is assumed that 
the angular dependence of ¢ can be separated. The 
meson field amplitude then becomes 


$(r) = R(r) (6) =[x(r)/r] (0), ‘(6) 
and the wave Tt (3) can be written as 


xv), *% 8 “[sina@(0)]- G'(¢) 


r r’ sind 0 


Cc 1 of Ce of 
—*-¥f(r,)=--( 04 . 
m m Or r 06 
The separation of variables in Eq. (6) is possible if 
©=cos@ and the source density is the physically 
plausible f(r) = P(r)+Q(r) cos?é, where P(r) and Q(r) 
are independent functions. For this case, Eq. (7) 
separates as follows: 
x"(r) 2x wx 1 20 
= = [Po : | 
r 


r Yr r m 


a3 If ; sa 
ror --| -e+—|, 
rs m r 


and if an pent is performed, this becomes 


omar f* dr’, 
x'(r) x x* 
P+Q=—u 4-0 [Sa r—a [ar] 
r 


The integration constants are zero, since f(r) must 
approach zero for large radial distances. 


~ 6W. Pauli, 
Publishers, Inc., 


Meson Theory of Nuclear Forces (Interscience 
New York, 1946), p. 15. 
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If G(¢) is taken to be }u°¢?+-0’p"/m, where n is not 
equal to 2, the angular separation indicated in Eq. (6) 
is not possible except for n=4, unless a source density 
is used that is much more complicated and has many 
more terms than are used here. 

It is of interest to study the requirements imposed 
on the meson field strength and on the spatial extent 
of the source density necessary to obtain a finite total 
source strength, g. This is given by 


= f f(t)dr=44 f [(P+Q)—%O]rdr. (10) 


Substitution of Eq. (9) into Eq. (10) shows that the 
integral is well behaved everywhere except possibly at 
the upper and lower limits. Since most sources fall off 
sufficiently rapidly at large distances, we need only 
consider the divergences at vanishingly small radii. If 
x(0) is finite, then g in Eq. (10) is well behaved. This 
requirement is less stringent than that for the scalar 
case, where x(r) must at least be proportional to r for 
small radii. 

The behavior of the meson field amplitude at small 
r depends on the spatial extent of the source. The 
broader the source, the less singular is x(0). For the 
narrow source chosen here x(0) is not finite, and a 
cutoff must be introduced in evaluating the total source 
strength. Because the treatment used is nonrelativistic 
and neglects nucleon recoil, it is not unreasonable to 
introduce a cutoff for the source density at the nucleon 
Compton wavelength. When r¢1/M, where M is the 
nucleon mass, f is taken to be a constant equal to the 
value it has at the cut-off radius. 

For a distributed source, it is simpler to start with a 
given meson field amplitude. The narrowest source is 
obtained if the linear field theory function ¢ is used: 


(11) 
(12) 


oi(r)=(A/p)e-V(e~*"/r), 
(A—p?)oi:= —4r Ao: VA(r)/y, 
where A is an arbitrary constant to be determined. A 
substitution into Eq. (9) and an integration gives 
aA? 2 6u Qu? 
P=A 4n6(r)+ (=) aa | +-—4+-— 
” 35r5  35r* = 35r? 
13u? 41y4 3yuS Dpdetr peter’ 
- — ——dr' 
140r? 140r 280 10 r’ 


sea | e73ur’ 
a 
280 
12F 


350 14008 


9u Sy 


o=4{( “ye fs + 
3u ou 


27 re? peter’ 
wp malt 
280 r’ 


280 280 


(13) 
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The total source strength is 


g= fserar=aea (14+3.7702A?), (14) 


where the cutoff mentioned previously has been intro- 
duced in evaluating all but the 6-function integral. The 
divergence in g is 1/r*, so that the exact value of the 
cut-off radius and the cut-off procedure will have a 
relatively large effect. The nucleon self-energy is in- 
finite and is not evaluated here. 


IV. TWO-NUCLEON INTERACTION IN FREE SPACE 


For the two-nucleon problem the meson-nucleon 
coupling is taken as 


giz diz 
—o2 Vf2=——for 0 filr—n) 
mn mn 


(15) 


with /i(r)=P(r)+Q(r) cos*@. No assumption is made 
about the relative direction of the.nucleon spins, but 
the sources are taken to be sufficiently far apart that 
the variational trial function, ¢12°= ¢:(r—1) + ¢1(f—fe) 
=,+¢2, with ¢,(r) given by Eq. (11), represents the 
meson field to a good approximation, and no minimi- 
zation with respect to an arbitrarily introduced pa- 
rameter is carried out. From Eq. (4), the Hamiltonian 
is given by 


+o2-Vfi(r—re) J, 


"= f [hwbu")+G(bu") — (¢u"/uou Wfsldr, (16) 


and the interaction energy is Hinter’>=H°—2H,, where 
H, is the single nucleon self-energy. This energy is 
subtracted before the integration is performed. The 
result is 


Hinter’= five ‘Vohot wide 


+ a(o1°h2+ o16°+ 361'¢2") 


— ($1/u)o2° 0 f2—(b2/u)or-Vfildr. (17) 
We use the wave equation (3), the relation (12), and a 
partial integration to obtain 


H inter” = (A?/u*)o1- Vor: V (e*® +40? f 66edr 


e7uR 
ye wR oy oo — 
R 


A? 3 3n yt 
=| su( te 
we Ro &£ 
+40 f tocar, (18) 


where R=ro—r, and S\2=(0;: Roz: R/R?—o;-e2/3). 
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The first term of Eq. (18) (in square brackets) is the 
usual linear interaction energy. The second term, which 
arises from the introduction of the nonlinearity, is 
positive definite, and is therefore always repulsive. It 
might be noted that the integral to be evaluated in 
Eq. (18) is logarithmically divergent, so that a cutoff 
must again be introduced. The expression obtained for 
the interaction energy is only valid for large nucleon 
separation due to the assumption made for ¢)2°. 


V. NUCLEAR MODEL 


A generalization of the two-body problem is that of 
nuclear matter. In these preliminary considerations a 
model for the interior of a nucleus, treating all nucleons 
alike and neglecting edge effects, is discussed qualita- 
tively. 

A simple model for nuclear matter is obtained by 
assuming that the nucleon sources are distributed in 
such a way that the source density is approximately 
constant. However, the nucleon spin must also be 
specified. One of the primary difficulties of any classical 
nuclear model, using pseudoscalar mesons, is the 
treatment of this nucleon spin density. 

Of the models considered, the most promising one for 
the interior of the nucleus is a lattice. Stationary, but 
interacting nucleons are assumed to be at the centers 
of the basic lattice structures, which are taken to be 
cubes. 

Since the nucleus is treated classically, the nucleons 
align their spins so as to give a minimum resultant 
potential energy.’ If the nonlinearity is neglected 
momentarily, because maximum binding energy, within 
saturation, is desired for the linear case, then each 
lattice cube contains a point source. The effective 
nucleon source density is taken to be >; o;- V/fi(r—r;). 
The total potential energy is then 


A? e~#k 
H= 22 avw=—Lz o-¥or-0( z ): 


i<j i pe isi i 

with R= |r,—r;|. If only interactions between nearest 
neighbors are considered, it is found that one of the 
configurations which gives a minimum potential energy 
is that shown in Fig. 1. This lattice, consisting of 
alternating layers of nucleon spins up and down, has 
intuitive appeal, as it is known that there exists a 
correlation in the spatial distribution of particles of 
opposite spin, due to the Pauli exclusion principle. 
The potential energy per nucleon for this model is 
purely attractive. It is 


A?5.514 6 3.357p? 
H inter/nucleon= — ( $--+ ). (19) 


w\ 6a a a 





where a is the lattice spacing. This is equal to (44/3) !ro 
if the volume of each cube is 42r,°/3, where 19 is the 
nucleon spacing in the nucleus. 


7R. Serber and S. M. Dancoff, Phys. Rev. 63, 143 (1943). 
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We want the re-introduction of the nonlinearity to 
cause saturation. The potential energy, with this term 
included must therefore be less than that due to the 
linear terms alone. The initial trial function for the 
meson field is taken as ¢v= >_>; ¢:(r—1r,)=>_; $i, where 
¢:(r) is defined by Eq. (11). This function can only be 
expected to be a good approximation for at least 
moderately large a. With this choice of ¢y the interac- 
tion energy is 


Hviner=Hy-Zithe= f ULV 6 Pw 6) 
+4a(Li bi) —Lilbi/w Lies Vf; 
—3L(VGi)?—3wWL i o?—-fa"L: o, 

~Tili/udou-¥fddr. 


The integration is to be carried out over a single cube, 
considering only forces between adjacent nucleons. Use 
of Eq. (3), Eq. (12), and a partial integration (¢;=0 
on the surface of each basic cube) gives 


” wR 
ANinter= 2 i> : ma Vo; V o(— 


tj j 


RES 


4 ixj jek kell 
+667 b:b1+ bibsbedi)dr, 


with R= |r,—r;|. The exact evaluation of the last 
integral is lengthy, but a simple calculation shows that 
for the particular model chosen the logarithmic diver- 
gence cancels in the limit of vanishingly small r, by 
reasons of symmetry. Physically this implies that any 
slight disturbance from exact symmetry causes the 
potential energy to become infinite. The integral in 
Eq. (20) must be larger than zero, independent of the 
particular model chosen, in order to satisfy the satura- 
tion requirement. The integrand is, however, not 
necessarily positive definite, since it can be rewritten as 


i a x 6{[6:(o;+ br + on) 
i<j i<k k<l 
+j( b+ $1) + debi P— 26:6 ;beb1}. 


If $;+¢:+¢:=0, and ¢; is large and positive, this 
expression is easily seen to be negative. A sufficient 
condition for the integrand to be positive definite is 
that all meson field amplitudes have the same sign 
wherever they overlap,® or that four-body interactions 
can be neglected. For the symmetry shown in Fig. 1, 
the integral of Eq. (20) is positive because all meson 
fields have the same sign wherever the overlap is large. 
Once the potential energy is found, the parameters a 
and A can be evaluated as in (S). That is, E= Hinter 
+kinetic energy is minimized with respect to ro. This 


®Hardy, Littlewood, and Polya, Imequalities (Cambridge 
University Press, London, 1934), p. 51. 
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Fic. 1. Lattice model of nuclear matter. The arrows indicate the 
projections of the individual nucleon spins. 




















gives a relation between ro, Emin, a, and A. Since the 
experimental values of ro and Emin are known, there 
are two relations from which the two parameters a 
and A can theoretically be obtained. 


VI. CONCLUSIONS 


A nonlinear meson theory analogous to that of Schiff 
has been investigated for neutral pseudoscalar mesons. 
The theory was noted to differ from the scalar one! in 


several important respects. Whereas the angular de- 
pendence of the pseudoscalar meson field requires the 
same nonlinearity as that introduced in (S) to allow 
separation of the wave equation, the theory does not 
require a cutoff if the radial dependence of the field 
amplitude is the same as that used for the scalar case, 
i.e., e~**/r. However, the choice of such a radial de- 
pendence results in a rather broad source. On the other 
hand, if the single nucleon meson field is chosen to be 
the same as for the linear pseudoscalar meson, the 
source is much narrower, but the strong singularity at 
the origin necessitates a cutoff to be introduced not 
only in evaluating the total source strength, but also 
the potential energy of two or more nucleons. Only one 
of the integrals with divergent features has been evalu- 
ated, because it was felt that these difficulties are real 
ones and should be eliminated before any further work 
is carried out with such a theory. Variational expressions 
for the two-nucleon interaction and for the potential 
energy of nuclear matter have, however, been found. 
The latter has been based on a lattice structure for 
the interior of the nucleus, and a simple variational 
form for the meson field amplitude. A consistent treat- 
ment would require the quantization of the field and a 
quantum-mechanical treatment of the nucleon spins. 
It is a sincere pleasure to acknowledge the con- 
tinued interest and guidance of Professor L. I. Schiff, 
who suggested this problem. The author also wishes to 
thank Dr. S. D. Drell for several stimulating discussions. 
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The Polyneutron Theory of the Origin of the Elements 
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Assuming as an early stage in the expansion of the universe a homogeneous fluid of nuclear density and 
low temperature, it is shown that, for reasonable values of the constants, this will, on expansion, leave the 
matter in the form of droplets of the same properties as those found in the Mayer-Teller “polyneutron” 
theory. However, this model leads necessarily to an abundance curve in which the amount of heavy elements 
is at least comparable to that of the light elements, contrary to experience. 


INTRODUCTION 


N 1948 Mayer and Teller! discussed a new mechanism 

for the origin of heavy elements. In their theory 
the starting point is a condensed body of matter of 
density of the order of nuclear density, which they call 
‘“‘nolyneutron.” Its mass was assumed to be less than 
that of an ordinary star to avoid gravitational consider- 
ations. Briefly the Mayer-Teller mechanism is the 
following: Inside a polyneutron a small proportion 
(about 10~°) of the neutrons will transform into protons, 
until the gain of energy due to the reduction of the 
kinetic energy of the neutrons and the increased binding 
energy are balanced by the kinetic energy of the 
B-electrons. In equilibrium the maximum kinetic energy 
of the electrons is about 9 Mev. Near the surface, the 
electrons will extend beyond the surface of the nuclear 
matter until the resulting electrostatic field prevents 
further extension. This extension of the electrons re- 
duces the energy near the surface and results in a 
negative contribution to the surface tension, which may 
exceed the positive surface tension of the nuclear matter 
by itself and thus will lead to instability. Due to this 
surface instability large droplets of nuclear matter 
break off, which will increase their charge later by 
further B-decay and then undergo fission, giving rise to 
smaller secondary droplets. These evaporate neutrons 
and undergo further 6-decay, until finally they stabilize 
into heavy elements. 

This theory has had some measure of success in 
predicting the observed isotopic abundances of heavy 
elements. It provides an alternative to the theory of 
Gamow, Alpher, and Herman.’ The theory does not 
deal with the light elements. 

In order to derive these results Mayer and Teller had 
to make certain assumptions about the binding energy 
of neutron-rich nuclear matter and about the magnitude 
of its surface tension. They proposed no mechanism for 
the formation of the original polyneutron. In view of 


*On leave of absence from the University of Delhi, Delhi, 
India. Present address: University of Illinois, Urbana, Illinois. 

+ Now at the Wool Industries Research Association, Torridon, 
Headingley, Leeds 6, England 

‘Maria G. Mayer and E. Teller, Phys. Rev. 76, 1226 (1949) ; 
also Proceedings of the 1948 Solvay Conference, Brussels. 

* Alpher, Herman, and Gamow, Phys. Rev. 75, 332 (1949); 
R. A. Alpher and R. C. Herman, Revs. Modern Phys. 22, 153 
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its instability, it is clearly not easy to imagine a mecha- 
nism for its formation. 

In this paper we shall discuss a model in which it is 
assumed that the expansion of the universe can be 
traced back to a stage when the whole universe was 
filled uniformly with matter of nuclear density. As 
such a system expands, it will at one stage have the 
matter in the form of polyneutrons, as postulated by 
Mayer and Teller, and their arguments can be taken 
over directly for the subsequent history. We shall see, 
however, that our model cannot account for the fact 
that the heavy elements constitute only a small portion 
of the matter in the present universe. 


I. DISCUSSION OF THE MODEL 


We consider a universe initially at very high density. 
At that stage its expansion is likely to be very rapid. 
We cannot write any precise equations since the large 
value of the energy-momentum density may somewhat 
alter the usual equations of the expanding universe and 
also because at such extreme conditions new factors 
may come in. It is likely, however, that near the time 
when the density is equal to the equilibrium density of 
nuclear matter the rate of expansion is too rapid to 
allow 8-decay to maintain the proportion of protons to 
neutrons in equilibrium. 

The actual ratio of protons to neutrons must there- 
fore depend on the previous history, but two typical 
cases are of interest: (a) that the matter originally 
consisted only of neutrons and that no appreciable 
number of protons were formed prior to the stage we 
consider ; (b) that in the earlier stages when the higher 
densities would have made faster 8-decay possible and 
favored a finite proton-neutron ratio, some protons 
were actually formed. In that case, we would reach 
equilibrium density with more than the equilibrium 
number of protons. 

One might suspect that extended matter of such high 
density would be unstable in the sense of tending to 
collapse under its own gravity if its homogeneous 
distribution is disturbed. This point has been investi- 
gated by Wroe,’ and it was found that there was no 
tendency towards such a catastrophic collapse. 

As the expansion proceeds beyond the equilibrium 


*D. Wroe, Ph.D. thesis, University of Birmingham, 1951. 
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density for that particular mixture of neutrons and 
protons present at that time, the energy per particle 
will increase with increasing volume, thus giving rise to 
a tension. 

Nuclear matter in a state of tension must be unstable, 
since the energy can be reduced by forming cavities. 
However, the formation of a small cavity requires 
energy and hence the process will involve the passage 
through a potential barrier. In Sec. II we shall discuss 
the properties of this barrier and show that the number 
of cavities formed will depend on the rate of expansion, 
but that within a wide range of conditions their mean 
distance will be sufficiently small to expect non-uni- 
formities on a cosmic scale. The further development 
is then different for cases (a) and (b) defined above. 
In (a) when there are only neutrons present, the surface 
tension is positive, and the cavities will grow in a 
regular way, leaving the nuclear fluid ultimately in the 
form of large lumps which will separate, but will be 
stable until 8-decay has raised the proton (and electron) 
concentration inside them to a value which makes the 
surface tension negative. From then on, the develop- 
ment follows the mechanism discussed by Mayer and 
Teller. In case (b) the presence of protons may make 
the surface tension negative from the start, and then 
the cavities will immediately form in complicated shapes 
and the whole matter will break up into a kind of foam, 
the ultimate outcome being droplets of the same kind 
and size as those resulting from the break-up of a 
polyneutron. 

It is, however, essential for this picture that all the 
matter in the universe has passed through the high 
density stage, from which the heavy elements can be 
obtained by the process already discussed, whereas the 
light elements can be formed only from the evaporation 
neutrons and the protons into which they will decay. 
This process will be discussed in Sec. III, and it will be 
seen that the amount of evaporation is small so that 
the heavy elements would constitute most of the matter, 
whereas in fact they constitute something like one 
part in a million. 

It follows, therefore, that the polyneutron model is 
tenable only if one assumes that only a small part of 
the matter in the universe has condensed into poly- 
neutrons, but no model has so far been proposed which 
would explain their origin. 

II. FORMATION OF CAVITIES 

Assume nuclear matter at a specific volume exceeding 
the equilibrium value, so that there is a tension 7. In 
order to form a spherical cavity of radius a we have to 
create a new surface of area 47a? and the increase in 
nuclear surface energy will be 

4ra’o, (1) 
where o is the nuclear surface tension. On the other 
hand, we gain, by releasing the tension, the energy 

— (4r/3)a*T. (2) 
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In case (a), where we deal only with neutrons, there is 
no further term. In case (b), we have to allow for the 
electronic contribution to the surface tension, which is 
negative. For a small cavity, the reduction of energy is 
— (4/3)xa'P, 

where P is the pressure of a relativistic degenerate 
electron gas. Inserting for P, the contribution to the 
energy becomes 

—(a/ch)*(Eo'/9x), (3) 
where Ey is the Fermi energy which for the equilibrium 
mixture is 9 Mev, according to Mayer and Teller. The 
net effect is to increase the tension by 1.2 10°* dynes, 
cm?. We shall be interested in much larger tensions, 
and the electronic effect is therefore negligible for the 
formation of cavities; hence we need not distinguish 
the two cases at this stage. 

The theory of the formation of a small cavity is 
given in the appendix, and the probability per unit 
volume and unit time is 

w=b-(2¢/pl*)! exp(—kT-"”), 
[see Eqs. (A20) and (A21) ] where & is given by 
k=3360'p!/h. (5) 


(4) 


l is the distance between nucleons, and 6 is a length 
somewhat larger than / [see Eq. (A21) ]. p is the density. 
The probability of a cavity being formed in a unit 
volume up to time /; is then 


W(t) = f w(E)dt 


H ‘- G) (<a 6) 
a—joi — — } exp(—&7-"*), 6 
7 pi kT a 


provided the exponent is large. In (6) T and T refer 
to time ¢;. The mean distance between cavities at time 
t, will then be 


L~[W (ts) “3. (7) 


The formation of cavities will continue until enough 
have formed to relieve the tension everywhere. It is 
important to make sure that this will not happen too 
early, since a large L would mean that after further 
expansion the matter would be in large pieces, with 
large gaps in between. If the scale were large enough 
to result in an appreciable curvature of space, the 
further development might lead to an universe quite 
unlike the one we know. However, the release of tension 
will spread only with a velocity which is practically 
equal to the velocity C of sound in the nuclear fluid, 
so an upper limit to LZ is obtained from the condition 


Clh-b)~L, (8) 


where ¢; is the time defined by (7) and ¢y the time when 
the tension first appears. 
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Let us assume for orientation that the equations of 
general relativity held good at the time under discus- 
sion. Since in our model the temperature is low, the 
expansion would be governed by the material pressure 
only. In that case the density of matter is related to 
time by‘ 

pl?=8X 10° g sec?/cm’. (9) 
Taking the equilibrium density po as 10'* g/cm* this 
gives 


ly~10~4 sec. (10) 


If the tension is not too large, we may use the relation 
T=C*(po— p), (11) 

and hence from (9) 
T = —C*p=2C%po/t. (12) 


Using the values ¢= 4X10" dynes/cm?, pp= 10" g/cm’, 
C=3X10* cm/sec, b~l=3X10~" cm, Eqs. (7) and (8) 
become 
kT~7? exp(kT—7?) =2X 104, 
k=8X10', 
L=1.7X10-"T. 


(13) 
(14) 
(15) 
The solution of these equations is 


L~2X 10° cm. (16) 


T~10* dynes/cm’, 


This shows that the cavities are certainly copious 
enough to prevent any inhomogeneity on a cosmological 
scale. With the above value of 7, we see from (11) that 
po—p~zepo, Which justifies the use of (11), which is 
valid only for small expansions. The exponent of (4) 
becomes 136, which is large enough to justify our 
asymptotic formula (6). The radius, for which the 
energy of the cavity is just zero, is 


30/T~1.2X10-” cm, (17) 


or about four times larger than /. Hence the uncertainty 
implied in (A21) is not important. On the other hand, 
the incipient cavities are so small compared to their 
mean distance that the compression wave starting from 
each will be very weak before it has covered distance L. 
This justifies our approximation assuming that these 
expansion waves run with sound velocity. In fact, it is 
evident that these compression waves will be far too 
weak to relieve the tension completely, so that the 
formation of new cavities will continue much further 
than the point determined by our estimate. In the 
same direction goes the assumption, implied in (8), 
that the time available for the compression waves is 
fhe whole time for which a tension existed, whereas in 
tact most of the cavities will have formed just before 
the instant we consider. We conclude, therefore, that 
the hypothesis of a uniform breaking up of the nuclear 
fluid is reasonable, and that it would be compatible 


4 See the second part of reference 2. 
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even with a considerably slower rate of expansion than 
that corresponding to (9). 


Ill, LIGHT ELEMENTS 


Starting from a cold neutron fluid we have seen how 
polyneutrons could be formed. We shall now attempt 
to make an estimate of the actual physical state of 
matter, i.e., the average temperature and density in the 
model at the time of the formation of heavy elements, 
and whether the model can give the right abundance 
distribution of elements. 

We assume that the lifetime of a neutron against 
B-decay inside the polyneutron is roughly the same as 
that of a free neutron, i.e., 10* seconds. In fact, the life- 
time in the beginning is much shorter than this but in- 
creases later on as the Fermi energy of the electrons 
increases with the increase of the electron concentration. 
The equilibrium concentration corresponding to the 
proton neutron ratio of 10-° would be attained in a time 
roughly of the order of 10° seconds. Assuming that the 
zero of the time scale concides with the time of the start- 
ing of the expansion, it would take approximately 10° 
seconds before the break-up of the polyneutron starts. 
It would not be unreasonable to assume that the equa- 
tions of general relativity are qualitatively correct at 
this stage of the expansion and later. We then find for 
the density of matter the formula 


Pmatter = 8X 105/?, 


Pmatter=0.8 g/cm* for t= 10% seconds. 


Hence the average density of matter in our model at 
the time of the breakup of the polyneutron is roughly 
equal to that of water. 

We shall now make a rough estimate, in our model, 
of the temperature which would develop as a result of 
the nonequilibrium processes. The surface instability 
of the polyneutron leads to the evaporation of droplets, 
the energy of formation of which has been calculated 
by Mayer and Teller as a function of the size of the 
droplets. According to these authors droplets whose 
total charge is less than 37 are not formed since their 
energy of formation comes out to be negative. As a 
particular case we shall consider a droplet of charge 
Z=100. The energy of formation, from the formula of 
Mayer and Teller, of such a droplet, is roughly 400 Mev. 
The temperature T corresponding to an excitation U 
of a nucleus of mass number A is given by 


U=KAT’, (18) 


where both U and T are in units of Mev and K is 
about 0.1. Assuming that half the energy of formation 
appears as the excitation energy of the droplet and 
substituting the numerical values of U and A(~10") 
for the droplet under consideration, we have 


T~#.01 Mev. 
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The excitation energy would chiefly lead to neutron 
evaporation. The number N of neutrons evaporated is 
roughly given by 


N=AT*/Ep, (19) 


where Ez is the average binding energy of a neutron 
inside the droplet. In deducing formula (19) the cooling 
of the droplet, as a result of neutron evaporation, is 
neglected. Substituting for AT? from (18) and for Es 
the value 1 Mev in (19), we have 


N=10, 


which is a negligible fraction of the total neutron 
content of the droplet. Each evaporated neutron has, 
approximately, a kinetic energy of 10-? Mev. 

The droplet is still very neutron rich. The lifetime of 
a neutron in such a nucleus is roughly of the order of 
0.1 sec. The 8-decay of the droplet would proceed until 
enough charge has accumulated to exceed the limit for 
fission. This limit is given by the well-known for:aula 


(22/A)1\im=45, (20) 


or numerically Z~10* for A=10’. In other wordsthe 
droplet undergoes fission when nearly 0.1 percent of 
the neutrons have changed into protons. 

One can make an estimate of the energy released 
in the fission process. This energy would roughly be 
equal to the Coulomb energy of repulsion of two 
daughter droplets when in contact. The fission energy 
is therefore 


Ze\?1 45 eAl 
(a) ava 

27 2R 8 15X10" 
using (20). Even if we assume that the whole of the 
fission energy goes to excite the fragments, the excita- 
tion energy would evaporate roughly 10° neutrons, 
i.e., 2 percent of the total neutron content. The average 
kinetic energy of the evaporated neutrons is roughly 
10-* Mev, which also gives the value of the temperature 
in our assembly. At the time of the formation of heavy 
elements our model gives the following physical 
conditions: 


210° Mev, (21) 


T~10 Mev, p~1 g/cm’. 


The fission fragments are still neutron rich and would 
undergo 8-decay until the limit for fission is reached 
again. In this way a few fissions would take place before 
the resulting fragments stabilize into known heavy 
nuclei. It is clear, however, from the above picture that 
the total mass of matter which remains in the form of 
heavy nuclei is much greater than the total mass of the 
available free neutrons which may later combine to 
form light elements. Thus our model gives a large 
abundance of heavy nuclei over the light ones. It 
therefore fails to account for the abundance of the 
light elements. We have been unable to find any simple 
modification of the scheme (e.g., by assuming a high 


initial temperature) which would lead to the right 
abundance of the light elements while still preserving 
the conditions for the Mayer-Teller mechanism of the 
formation of the heavy ones. 

One of the authors (D.W.) would like to acknowledge 
gratefully a maintenance grant from the Department 
of Scientific and Industrial Research, and another 
(K.S.S.) a grant from the British Council. 


APPENDIX 


In order to calculate the probability of formation of 
a cavity, we need to know, for our purpose, an approxi- 
mate wave function for the radial motion of the cavity.® 
We make use of the B.W.K. method to solve the 
Schrédinger equation. 

From classical hydrodynamics the kinetic energy of 
a hole expanding in an incompressible liquid of density 
p is given by 


Exin=24pR°R?, (Al) 


where R is the radial velocity and R the radius of the 
hole. The potential energy is 


V=44R’o— (4/3) aR'T. (A2) 
The Hamiltonian of the system is 
H=(P?/8xpR')+V, (A3a) 
where P, the radial momentum, is given by 
P=dExin/dR=41pR'R. 
Symmetrizing (A3) we have 


1 1 1 
H= —(—P+ | =)+ af 


= (A3b) 
16rp \ R® R' 


The Schrédinger equation is 
M 12H(R) BP € 71 
a ar R)) 
16rp dR? \ R® 
+(E—V)¥(R)=0. (A4) 
We solve Eq. (A4) by using the B.W.K. method. Let 


the solution in the first approximation be 
y=e?. 


Substituting (A5) in (A4) and retaining terms of the 
appropriate order, we have 


¢’=+[R(V—E)/2A4}}, 


(AS) 


(A6) 
where the prime denotes the first derivative with 
respect to R, and 


A=h?/16np. (A7) 


5 The problem of the eigenvalues of a hole has been considered 
by Auluck and Kothari (Proc. Cambridge Phil. Soc. 41, 180, 
1945) when the tension term is absent. 
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In the second approximation let 
y=ertx, 


(A8) 


Substituting (A8) in (A4) and again retaining terms of 
the appropriate order, we have 


x'= —4396"/9¢'+3/2R, 
which gives on integration 
x= —} logg’+ § logR. 
Hence, in the region where V>E the solution of Eq. (4) 


1S 


¥= BR(9')e-*, (A9) 


where B is a constant and ¢ is given by 


R 4e 
o- f| (trxo— rir) | aR 
24 3 
a H 
- fx(<-s) dR, 
R 


B=4nT/6A. 


where 
a=4n0/2A, 


Integrating (A10), we have 


BE fa\*fi5 a } 
oRi— do= ()| - tan '(—-1) 
24 \B 8 RB 
RB\'(15 57 RB\! 
Sig 
a 8 4X\ a 
RB Rg ‘) Ri 
()-S) II 
a a 0 


where R, is the value of R at which the integrand is 
zero, i.e., Ry=30/T, or 


Biszayts15x 5 
PRi— do= ( ) ( 5 ). 
24\8 16 8 


Substituting the values of a, 8 from (A11) in (A12) and 
using (A7), we have 


5a /Tp\'/30\! Cs op} 
OR, Po ( ‘) ( ) (1+=)-168 ° 
8h ao T 2 hT7 


(A12) 


(A13) 
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Since for our purpose we are not interested in finding 
the exact value of the constant B, which one can do by 
the appropriate fitting of the solutions in different 
regions, we make use of a dimensional argument to get 
an approximate value. Near R=0 
BR! 
¥= BRi(9')-1~—____e*, 
(a! 2R5 2)4 


since dr4o’'~a'R®”. Therefore 
v|?~BRY/al. (A14) 
The macroscopic approximation which we have used 
will fail for radii comparable with /, the mean nucleon 
distance. If we had solved the exact equation for the 
lowest state of an incipient cavity, the solution would 
have extended over distances of the order /. Hence we 
may take as normalization condition 
yrl-3, R~l. 
From (A14) and (A15) we get 
B~(a/P)3. 


(A15) 


(A16) 
From Eq. (A4) the expression for the current is given by 


S=(h/8rpR*)(y*0y/aR—yoy*/dR)  (A17) 


S=(h/8mrp) Be ?*'Rv, (A18) 


which, on substituting the value of B? from (A16) and 
using (A11) and (A7), becomes 


S=(20/pl)te-26(Rv, (A19) 


Hence the probability of formation of a particular 
cavity per unit time is 


w= (20/pP)tePecRD, (A20) 


where $(R;) is given by 168(o4/h)(p!/T7”). 

We are interested in the rate of formation of cavities 
per unit volume; for this we have to multiply (A20) by 
a weight factor which is of the dimension of an inverse 
volume. Its inverse evidently cannot be less than the 
volume for a nucleon nor greater than the volume of a 
cavity when it has become energetically stable. We 
therefore multiply (A20) by b-*, where 


1<b<30/T, (A21) 


and thus obtain Eq. (4) of the text. 
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An investigation of the Si**(d,a) Al*’, Si?*(d,p)Si®, and Si**(d,p)Si* reactions has been made using a high 
resolution magnetic spectrograph. The spectra of particle groups observed at 90 degrees to the incident 
deuteron beam from silicon-dioxide targets enriched in Si** and Si*® were compared to the spectra obtained 
from targets of natural SiO.. The Q-values for the ground-state transitions are 5.994+0.011, 8.388+0.013, 
and 4.364+0.007 Mev. The following level positions have been determined : 


AF’: 0.84 and 1.01 Mev. 


Si*®: 2.24, 3.51, and 3.79 Mev. 
Si**: 0.757, 1.699, 2.319, 2.751, 3.140, 3.539, and 4.384 Mev. 


In addition a survey of the Si**(d,p)Si*® reaction to lower proton energies has indicated levels in Si?* at 


5.946, 6.105, and 6.380 Mev. 


INTRODUCTION 


HE element silicon has three stable isotopes with 
the following abundances: Si**, 92.3 percent ; Si’, 
4.7 percent; and Si**, 3.0 percent. If natural silicon is 
bombarded by 1.8-Mev deuterons, charged particles 
with energies greater than 4 Mev can be produced from 
five different reactions. These are the Si**(d,p)Si*, 
Si?9(d,a) AP’, Si?*(d,p)Si®°, Si®°(d,a) APS, and Si®°(d,p)Si* 
reactions. Investigations of the Si®*(d,p)Si?® and 
Si®°(d,a)AP’* reactions have been described in previous 
publications.” The present paper is concerned with the 
remaining three reactions. In the course of this inves- 
tigation some additional data were also obtained for the 
Si*4(d,p)Si** reaction. 

The reaction Si**(d,a)Al* has not been previously 
investigated by other workers. However, low lying 
states of Al?’ have been reported from several reactions, 
including the Mg™*(a,p)Al?’, Mg?*(d,n) Al??, Mg??(8-)AI?? 
reactions and the inelastic scattering of protons and 
deuterons from Al*’. Since the present investigation is 
confined to states in Al’? with excitations of less than 
3 Mev, discussion of Al’ levels will be limited to this 
region of excitation. Alburger and Hafner*® have sum- 
marized the results for the above reactions up to 1950 
listing excited states of Al’? at 0.84, 1.02, 1.85, 2.15, 
and 2.78 Mev. More recently, Keller‘ has reported 
Al?"(d,d’)Al’? deuteron groups with Q-values of —0.97 
and —2.39 Mev from the inelastic scattering of 10.4- 
Mev deuterons. A preliminary report has been given by 
Reilley e¢ al. of the inelastic scattering of 8-Mev 
protons from aluminum using magnetic analysis. In the 


* This work has been assisted by the joint program of the ONR 
and AEC. 

1 Endt, Van Patter, Buechner, and Sperduto, Phys. Rev. 83, 
491 (1951). 

2 Strait, Van Patter, Buechner, and Sperduto, Phys. Rev. 81, 
747 (1951). 

3D. E. Alburger and E. M. Hafner, Revs. Modern Phys. 22, 
373 (1951). 

4K. K. Keller, Phys. Rev. 84, 884 (1951). 

5 Reilley, Allen, Arthur, Bender, Ely, and Hausman, Phys. Rev. 
85, 704A (1952), and private communication. 
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region of excitation below 3 Mev they observed groups 
corresponding to levels in Al?’ at 0.844, 1.016, 2.259, and 
3.046 Mev with a probable error of 20 kev. The 
Al"(p,p’)Al’? reaction has also been recently investi- 
gated by Gove and Stoddart,* who detected the inelastic 
proton groups with a sodium-iodide crystal. Using 
7.4-Mev protons they found levels at 0.84, 1.01, 2.23, 
and 2.77 Mev, with a probable error of 40 kev. It is 
interesting to note that in none of these experiments has 
there been observed an inelastic group corresponding to 
the level at 1.85 Mev listed by Alburger and Hafner. 

The Si**(d,p)Si*®® reaction has been investigated by 
Motz and Humphreys’ from a comparison of proton 
groups observed from a silicon target enriched to 29 
percent Si?® with those observed from a target con- 
taining 99 percent Si**. They reported a ground-state 
Q-value of 8.36+0.10 Mev and excited states of Si*® 
at 2.4+0.2, 3.91+0.15, 5.00+0.15, and 5.740.2 Mev. 
Kinsey ef al.* have analyzed the gamma-ray observed 
from the neutron capture of natural silicon. They assign 
a gamma-ray of energy 10.55+0.05 Mev to the ground- 
state Si?%(m,y)Si®® reaction. After subtraction of the 
deuteron binding energy of 2.23 Mev this value would 
correspond to a Si’*(d,p)Si®° ground-state Q-value of 
8.33+0.05 Mev. Kinsey e/ al. have tentatively assigned 
some four gamma-rays of lower energy to excited states 
of Si*®; however, the identification is subject to con- 
siderable uncertainty because of the presence of the 
three isotopes of silicon. 

Levels of Si*® have also been reported from inves- 
tigations of the Al’"(a,p)Si®® reaction. Alburger and 
Hafner* have summarized the results of several workers, 
listing average Q-values of 2.26, —0.02, — 1.32, —2.49, 
and —3.22 Mev, corresponding to states at 0, 2.28, 
3.58, 4.75, and 5.48 Mev in the region below 6-Mev 
excitation. The energies of the gamma-rays emitted in 
the Al*’(a,py)Si*® reaction have been recently measured 


*H. E. Gove and H. F. Stoddart, private communication. 
7H. T. Motz and R. F. Humphreys, Phys. Rev. 80, 595 (1950). 
§ Kinsey, Bartholomew, and Walker, Phys. Rev. 83, 519 (1951). 
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by Allen et al. From their gamma-ray measurements 
levels in Si*® can be estimated at 2.34+0.05, 3.64+0.15, 
and 4.92+0.15 Mev. 

Information concerning the excited states of Si*' is 
at present limited to the reactions P*(n,p)Si* and 
Si*°(d,p)Si*'. An excited state at 0.70.2 Mev was re- 
ported by Metzer ef al.'° from an investigation of the 
proton groups from phosphorus bombarded by 3-Mev 
neutrons. Motz and Humphreys’ have investigated the 
Si*°(d,p)Si* reaction using range measurements by com- 
paring the proton groups observed from a silicon target 
enriched to 48 percent Si*® with those observed from a 
target containing 99 percent Si**. After correcting their 
data from the enriched Si* target for the contribution of 
the Si*® isotope, they observed groups with measured 
Q-values of 4.93, 4.33, 3.60, 3.10, 2.60, and 2.00 Mev. 
On the basis of mass considerations they rejected the 
group with Q-value of 4.93 Mev, which occurred at the 
same range as a Si**(d,p)Si** proton group. The re- 
maining groups were assigned to Si* states at 0, 0.73, 
1.23, 1.73, and 2.33 Mev. 

Until the present experiment, data concerning the 
excited states of the nuclei Si*° and Si*! were limited to 
range measurements. In the case of the Si?*(d,p)Si*° and 
Si*°(d,p)Si*' reactions many of the proton groups ob- 
served by Motz and Humphreys were not resolved 
from proton groups from the Si* isotope, resulting in 
some uncertainty concerning their identification. The 
present investigation was made using a 180-degree 
focusing magnetic spectrograph of high resolution which 
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permitted the separation of the many particle groups 
from the three silicon isotopes. 

Preliminary reports of the present results have been 
given previously." ” In addition the Q-values measured 
for the ground-state transitions have been included in 
an earlier publication.” 


EXPERIMENTAL PROCEDURE 


A beam of deuterons, accelerated by the M.LT. air- 
insulated electrostatic generator, was analyzed by 
means of a 90-degree deflecting magnet. The deuteron 
beam was then used to bombard a thin target of silicon 
dioxide. Charged particles emitted at an angle of 90 
degrees to the incident beam were deflected in the mag- 
netic field of a 180-degree focusing spectrograph, and 
recorded on nuclear-track emulsions. Details of the 
experimental arrangement and methods of analysis 
have been described previously.” “ 

The target materials used for this investigation con- 
sisted of natural SiO, and SiO, in which the Si** and Si*° 
isotopes were enriched to 64 and 57 percent, respec- 
tively, of the silicon content. (The enriched silicon 
isotopes were obtained from the Stable Isotopes Divi- 
sion, AEC, Oak Ridge.) Thin targets were then prepared 
by the evaporation in vacuum of the material from a 
tantalum boat onto 10-mil platinum backings. These 
backings were suitable for most of the survey. However, 
in order to detect proton groups with energies below 
2 Mev, it was advantageous to use targets evaporated 
onto thin copper backings stiffened by Formvar.'® These 
backings were prepared by evaporating copper onto a 
thin film of Formvar and then adding a Formvar film 
on the front side to provide mechanical strength. It was 
found that such targets could withstand long exposures 
to a beam of 0.5 wamp concentrated on an area of 0.05 
cm’. 

Spectra of particle groups were obtained by exposing 
a series of nuclear-track plates successively over a wide 
range of analyzing-magnet field strengths. These field 
strengths were chosen so as to give considerable over- 
lapping of the data obtained from successive plates. 
Although the data for each survey were obtained over 
a period of several days or longer, the bombarding 
energy could be reproduced to better than +4 kev. 
Bombarding energies of 1.81, 2.00, and 2.10 Mev were 
used during the various surveys of the present inves- 
tigation. For a bombarding energy of 1.8 Mev, proton 
groups with energies less than 3.6 Mev observed from a 
target with a platinum backing were recorded in the 
presence of deuterons elastically scattered from the 
backing by covering the nuclear-track plates with 

1 Van Patter, Enge, and Buechner, Phys. Rev. 82, 304 (1951). 

2 Van Patter, Sperduto, and Enge, Phys. Rev. 83, 212 (1951). 

3 Van Patter, Sperduto, Endt, Buechner, and Enge, Phys. Rev. 
85, 142 (1952). 

4 Buechner, Strait, Stergiopoulos, and Sperduto, Phys. Rev. 74, 
1569 (1948). 

16 We are indebted to H. A. Enge for the preparation of these 
targets. 
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aluminum foils sufficiently thick to stop the scattered 
deuterons. 

The detection of the alpha-particle groups from the 
deuteron bombardment of silicon targets was con- 
siderably more difficult than for the proton groups, 
particularly for energies below 5.3 Mev. This could be 
largely attributed to the presence of polonium con- 
tamination in the region of the plateholder. This con- 
tamination evidently originated from the polonium 
source used for calibration purposes which was mounted 
on the target wheel. It was found necessary to remove 
the polonium source except for occasions when a cali- 
bration was made. In order to minimize the alpha- 
tracks that were due to background, it was necessary 
to adopt stricter criteria for the selection of tracks. 
For alpha-particles with energies below 5.5 Mev a 
microscope objective with twice the usual magnification 
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Fic. 2. Proton groups observed from targets of enriched Si#*O, and natural SiO, at 1.81- and 2.00-Mev 
deuteron bombarding energy. 
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was used, corresponding to the scale change in the 
lower spectrum of Fig. 1. 


III. RESULTS 
The Si**(d,a)Al*’ Reaction 


For the investigation of the Si?*(d,a)Al’ reaction, 
surveys were made at 1.81- and 2.00-Mev deuteron 
bombarding energies, using targets of enriched Si?*O, 
of thicknesses 50 kev and 10 kev for the Si?*(d,a@)Al?’ 
ground-state group. In the upper curve of Fig. 1 is 
shown the spectrum of alpha-particles with energies 
from 4.8 to 7.6 Mev observed from the 50-kev Si”*O, 
target bombarded by 1.81-Mev deuterons. In the lower 
curve a similar spectrum is shown for the 10-kev Si**O, 
target at 2.00-Mev bombarding energy. The region of 
excitation of Al?’ covered by these spectra is from 0 to 
2.18 Mev. 








54 0. 


Three alpha-groups appear in the spectra of Fig. 1, 
numbered (0), (1), and (2), which have been assigned to 
the Si*® isotope. These groups are too energetic to be 
attributed to either the Si’* or Si*® isotope. The three 
groups have also been observed with considerably lower 
intensities from a 20-kev natural SiO, target, containing 
4.7 percent Si?® and 92.3 percent Si?*, compared with 
64 percent Si’® and 33 percent Si** for the enriched Si*0, 
target. The relative intensities of the three groups from 
the SiO, targets agreed within +30 percent with those 
obtained from the natural SiO, targets. 

Another check is provided by a comparison of the 
yield of group (0) to the yield of a known Si?**(d,p)Si*® 
group in the same energy region from both targets. The 
observed yields indicated that the ratio of Si**: Si? was 
a factor of 30 greater from the 50-kev Si*°O, target, as 
compared with the natural SiO, target. From the iso- 
topic abundances of Si*® and Si** in the two targets a 
factor of 38 is expected. This indicates that some natural 
silicon contamination was present in the 50-kev Si**O, 
target, probably originating from the silicone stopcock 
grease used in the vacuum system. This contamination 
was even more apparent in the case of the thinner 10-kev 
Si*°O, target, where the observed factor was only 6. 
These calculations indicate, however, that the yield of 
the three groups increased when the isotopic abundance 
of Si®* was increased, thus justifying their assignment 
to the Si?*(d,a)Al’* reaction. 

In addition to these groups two alpha-groups shown 
in Fig. 1 have been identified with the ground-state 
C¥(d,a)B" and Al?(d,a)Mg* reactions. The group 
caused by the C contamination has appeared in 
previous surveys, but the presence of aluminum con- 
tamination is somewhat unexpected. The aluminum 
contamination was identified from the observation of 
the Al’’(d,p)Al’* ground-state doublet, as indicated in 
Fig. 2. The source of this contamination is attributed 
to impurities in the target-evaporating system from a 
previous evaporation of aluminum. Fortunately, the 
Al??(d,a)Mg** spectrum has been investigated by Enge'® 
at these bombarding energies and comparison with his 
results showed that no other alpha-groups observed 
from the Si®°O, targets could be attributed to Al’. 

The three Si**(d,@)Al*” groups shown in Fig. 1 had 
measured Q-values of 5.994+0.011, 5.157+0.013, and 
4.987+0.010 Mev, corresponding to the ground state 
of Al’? and excited states at 0.837+0.016 and 1.007 
+0.013 Mev. The positions found for the first two 
levels of Al?’ are in excellent agreement with the results 
of other workers.*® The measured separation of these 
levels is 170-++6 kev. It is of interest to note that the 
intensity of group (1) corresponding to the 0.84-Mev 
level decreased approximately a factor of 6 relative to 
group (2) when the deuteron bombarding energy was 
increased from 1.81 to 2.00 Mev. This indicates that 
the excitation curves for these two groups at an angle of 

16H. A. Enge, M.I.T., Lab. for Nuclear Sci. and Eng. Progress 
Report, August 31, 1951. 
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observation of 90 degrees must be considerably differ- 
ent, at least in this region of bombarding energy. 

The survey of the Si?*(d,a@)Al*’ reaction was extended 
to alpha-energies lower than shown in Fig. 1. The inves- 
tigations covered a region of excitation of Al’? up to 
3.0 Mev. Two additional alpha-groups were observed, 
which, if assigned to the Si?*(d,a)Al’ reaction, would 
correspond to Al’? levels at 2.21+0.03 and 2.74+0.02 
Mev. However, because of the previously mentioned 
difficulty in detecting weak alpha-groups in this region, 
the relative intensities of these groups varied greatly 
in the several surveys made. Their identification there- 
fore cannot be considered as established from the 
present experiments, although they do appear to cor- 
respond to Al?’ levels already reported from other 
reactions. 

In Fig. 1 an arrow has been drawn at a position A 
in each spectrum, corresponding to an excitation of 
1.85 Mev for Al?’. From the results shown and from 
other surveys, no Si**(d,a)Al*’ group was observed cor- 
responding to a level excitation from 1.75 to 1.95 Mev 
with an intensity greater than 15 and 10 percent of the 
intensity of the ground-state group at bombarding 
energies of 1.81 and 2.00 Mev, respectively. Although 
no confirmation of the 1.85-Mev level listed by Alburger 
and Hafner® has been obtained, these results hardly 
rule out the existence of such a level, in view of the 
fact that the intensity of the Si?*(d,a) group (1) cor- 
responding to a level at 0.84 Mev is only 15 percent of 
the intensity of the ground-state group at 2.00-Mev 
bombarding energy. 

From a review of the experimental results listed by 
Alburger and Hafner in support of a level at 1.85 Mev, 
it would appear that the most significant evidence has, 
been obtained from the Mg?’(@~)Al*’ beta-decay' '* 
and the investigation by Hafner’ for the Al?"(p,p’)AP” 
reaction. In the case of the Mg?’(8-)AI’? reaction the 
existence of a level at 1.85 Mev is largely dependent 
upon the assignment of a gamma-ray of energy 1.01 
+0.02 Mev to a transition from this level to the 
(0.84-Mev level. Another possible assignment for this 
gamma-ray is a direct transition from the 1.01-Mev 
level to ground, in view of the fact that its measured 
energy is in agreement within the stated error with the 
level excitation of 1.007+0.013 Mev determined in the 
present experiment. A further investigation of (8@—~+) 
coincidences would help to clarify the decay scheme of 
Mg”’. 

Hafner'**° investigated the inelastic scattering of 
7-Mev protons from aluminum at 37 and 137 degrees 
and observed a group corresponding to a level at 1.79 
Mev. On the other hand, several investigations of the 


17 Benes, Hedgran, and Hole, Arkiv. Mat. Astron. Fysik. 35A, 
No. 12 (1948). 

18 Z. Itoh, Proc. Phys.-Math. Soc. Japan 23, 605 (1951). 

19D. E. Alburger and E. M. Hafner, Brookhaven National 
Laboratory, Report BNL-7-9 (July 1, 1949). 

2 Private communication to E. H. Rhoderick, Proc. Roy. Soc. 
(London) A201, 348 (1951). 
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Fic. 3. Proton groups observed from targets of enriched Si®®O, and natural SiO, bombarded by 1.81-Mev deuterons. 
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inelastic scattering of deuterons **” and protons’ ®*% 
from aluminum have failed to confirm this level. In 
particular, the results of Gove and Stoddart® are sig- 
nificant because they used the same bombarding energy 
as Hafner and made observations at angles of 50 and 
135 degrees. They found no group corresponding to a 
1.85-Mev level with an intensity greater than 5 percent 
of the A’’(p,p") group corresponding to the 2.2-Mev 
level. It appears, then, that there is a considerable 
amount of evidence from the Al"(d,d’) and Al?"(p,p’) 
reactions which fails to confirm a level of Al?’ at 1.85 
Mev. 


The Si?*(d,p)Si*® Reaction 


The protons from targets of enriched Si**O, and 
natural SiO. were recorded simultaneously with the 
alpha-particles in the surveys described in the preceding 
section. In this case the enriched Si**O, targets were 15 
and 3 kev thick for the ground-state Si**(d,p)Si*® group. 
In Fig. 2(A) is shown the spectrum of protons with 
energies from 5.20 to 10.25 Mev observed from the 


21 J. R. Holt and C. T. Young, Nature 164, 1000 (1948). 

2 Greenlees, Kempton, and Rhoderick, Nature 164, 663 (1949). 
*% E. H. Rhoderick, Proc. Roy. Soc. (London) A201, 348 (1951). 
* Brolley, Sampson, and Mitchell, Phys. Rev. 76, 624 (1949). 


15-kev Si**O, target bombarded by 1.81-Mev deuterons, 
In Fig. 2(B) a similar spectrum is shown for the 3-kev 
Si?°O, target at a bombarding energy of 2.00 Mev. For 
the spectrum in Fig. 2(C) the Si?°O, target was replaced 
by a 6-kev target of natural SiO». The region of excita- 
tion of Si*® covered by these spectra is from 0 to 4.67 
Mev. 

In the spectra of Fig. 2, four proton groups have been 
identified with target contaminants of C¥, N“, and Al’. 
The two groups assigned to Al’"(d,p)AP* represent 
transitions to the ground state of Al** and an excited 
state at 31 kev.”> Fortunately, these groups are the 
most intense of the many AI*"(d,p) groups in this region 
of proton energy,”* and none of the other groups ob- 
served from the enriched Si**O, targets could be attrib- 
uted to the aluminum contamination. 

Four proton groups appear in the spectra of Fig. 2 
numbered (0) through (3), which have been assigned 
to the Si?* isotope. In addition four Si**(d,p)Si*® groups 
of considerable intensity appear, which have been 
reduced in scale in order to accentuate the weaker 


* Enge, Buechner, Sperduto, and Van Patter, Phys. Rev. 83, 31 
(1951). 
26H. A. Enge, Phys. Rev. 83, 212 (1951). 
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Fic. 4. Proton groups observed from targets of enriched Si*°O, and 
natural SiO, bombarded by 2.00-Mev deuterons. 


Si**(d,p) proton groups. It can be seen that the Si**(d,p) 
groups (1) and (2) are barely resolved from neighboring 
intense Si**(d,p) groups. As a consequence it was dif- 
ficult to make accurate estimates of the yields of these 
groups, particularly from the natural SiO, target. 

The yield of the four groups attributed to the 
Si**(d,p)Si*° reaction was considerably greater from the 
15-kev Si**O, target than from the natural SiO, target. 
However, the relative intensities of these four groups 
observed from different targets varied as much as a 
factor of 2. The variation could be possibly attributed 
to the fact that the spectra were obtained from a series 
of nuclear-track plates exposed over a period of several 
weeks. Groups (0) and (1) could be assigned to the 
Si**(d,p)Si®® reaction on the basis of the results of 
previous workers. In order to identify the proton 
groups (2) and (3) with more certainty, the observed 
intensities of these groups were compared with the 
intensities of the three Si**(d,a) groups, which occurred 
in the same region of outgoing-particle energy and were 
found to remain constant within +30 percent. Since the 
three Si®*(d,a) groups are positively identified, this 
result helped to justify the assignment of proton 
groups (2) and (3) to the Si?*(d,p)Si*° reaction. 

The four proton groups assigned to the Si?*(d,p)Si*° 
reaction had measured Q-values of 8.388+-0.013, 6.149 
+0.015, 4.873+0.009, and 4.602+0.015 Mev, cor- 
responding to the ground state of Si*° and excited states 
at 2.239+0.020, 3.515+0.016, and 3.786+0.020 Mev. 
The ground-state Si**(d,p)Si®° Q-value of 8.388+0.013 
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Mev is in agreement with the value of 8.36+0.10 Mev 
obtained from range measurements’ and the value of 
8.33+0.05 Mev calculated from the Si?9(n,y)Si*® reac- 
tion.* The position of the first level of Si®° at 2.24+0.02 
Mev is in agreement with the values of 2.28 Mev® and 
2.4+0.2 Mev’ reported from the Al?’(a,p)Si*®° and 
Si?*(d,p)Si®® reactions. Prior to this investigation, a 
single level was reported from the Al*"(a,p)Si** reaction 
at about 3.58 Mev which is in fair agreement with the 
level found at 3.52 Mev. However, recent experiments 
have given values of 3.68 Mev”? and 3.64+0.15 Mev® 
for this levei, indicating that the group observed from 
the Al’’(a,p)Si*° experiments represents a superposition 
of two groups corresponding to the levels at 3.52 and 
3.79 Mev found in the present investigation. Motz and 
Humphreys’ found a Si**(d,p)Si*® group corresponding 
to a level at 3.91+0.15 Mev at a bombarding energy of 
3.8 Mev. In the present experiment, at a bombarding 
energy of 2.0 Mev, the Si**(d,p) group (3), corresponding 
to a level at 3.79 Mev, was a factor of 2.2 times more 
intense than group (2). It is possible that the Si?*(d,p) 
group corresponding to the level at 3.52 Mev was not 
sufficiently intense to be observed by Motz and 
Humphreys, particularly since it would have occurred 
at the same range as a Si**(d,p)Si*® group. 

The survey of the Si?*(d,p)Si*° reaction was extended 
to proton energies lower than shown in Fig. 2. The inves- 
tigations covered a region of excitation of Si*® up to 
6.00 Mev. Five additional proton groups were observed 
that were considerably more intense from the 15-kev 
Si?*O, target than from the normal SiO, target. From 
a comparison of relative intensities observed when dif- 
ferent targets were used, two of these groups were 
attributed to some unknown contaminant. The remain- 
ing three groups, if assigned to the Si?*(d,p)Si*° reaction, 
would correspond to Si*® levels at 5.075+0.015, 5.497 
+0.015, and 5.622+0.015 Mev. However, in view of 
the fact that two groups of comparable intensity 
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Fic. 5. Proton groups observed from target of enriched Si*O, 
and natural SiO, on thin copper backings at a bombarding energy 
of 1.81 Mev. 


27H. H. Landon, Phys. Rev. 82, 304 (1951). 





(d,p) AND (d,a) 
occurring in the same energy region could not be iden- 
tified, it was concluded that there was not sufficient 
evidence to assign these groups to the Si?®(d,p)Si*° 
reaction with any degree of certainty. Nevertheless, it 
is noted that levels of Si®® have been found by other 
workers with excitations near the above values. From 
the Si**(d,p)Si*° reaction, excited states at 5.00+0.15 and 
5.70.2 Mev have been reported.’ Investigations of 
the Al?*(a,p) reaction* ** have indicated Si*® states at 
about 4.8 and 5.44 Mev. There is therefore some indi- 
cation from previous experiments that at least two of 
these three groups can be identified with the Si?*(d,p)Si*® 
reaction. 


The Si*°(d,p)Si*' Reaction 


An investigation has been made of the Si?°(d,p)Si* 
reaction using targets of enriched Si*°O, (64 percent 
Si**) and natural SiO, (3 percent Si*°). In the upper 
curve of Fig. 3 is shown the spectrum of protons with 
energies from 2.0 to 6.7 Mev observed from a 12-kev 
Si*°O, target bombarded by 1.81-Mev deuterons. In the 
lower curve is shown a similar spectrum using & 7-kev 
target of natural SiO2. The survey has been extended 
down to a proton energy of 1.1 Mev, as indicated in 
Fig. 5. The total region of excitation of Si*! covered in 
these surveys was from 0 to 4.93 Mev. 

In the spectra shown in Fig. 3, eight proton groups 
have been assigned to contaminants of D?, C”, N“, and 
O'S, all of which have been observed in previous experi- 
ments. In addition nine intense groups have been 
assigned to the Si?* isotope. There remain seven proton 
groups that are considerably more intense from the 
enriched Si*°O, target. These groups, numbered (0) 
through (6), have all been assigned to the Si?°(d,p)Si*! 
reaction. 

Analysis of the spectra of Fig. 3 indicated that the 
groups (3) and (5) observed from the Si*°O, target had 
energies agreeing within 1 kev with the energies of two 
N'(d,p)N contaminant groups observed from the 
natural SiO, target. However, the proton groups (3) 
and (5) were a factor of 10 times too intense to be 
attributed to nitrogen. In order to identify these two 
groups positively, the deuteron bombarding energy was 
increased to 2.00 Mev. A group from the Si*°(d,p)Si*! 
reaction would be expected to increase in energy by 15 
kev more than a N"(d,p)N"™* group for an increase of 
190 kev in bombarding energy. The observed spectra are 
shown in Fig. 4, where it can be seen that the groups 
(3) and (5) attributed to the Si*°(d,p)Si* reaction now 
occur at a higher proton energy than the N“(d,p)N'* 
groups from the natural silicon target. 

For the spectra of Fig. 3, protons with energies below 
3.6 Mev were detected by placing foils in front of the 
nuclear-track plates in order to eliminate the deuterons 
scattered from the thick platinum backings of the 
targets. However, for proton energies below 2 Mev 
this method has some disadvantages. First, the full 
proton range is not recorded, which makes the counting 
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TABLE I. Si*°(d,p)Si** Q-values and level positions of Si. 








Relative 

intensity 

Ea =1.8 
Mev 


Si#* level in Mev 


Si(d,p)Si®™ 
Present Motz e¢ al.* 


Q-value in Mev 


4.364+0.007 
3.607 +0.006 


2.665+0.006 
2.045+0.005 
1.5730.005 
1.224-+0.005 
0.825+0.004 
—0.020+0.004 


Group 





0 0 
0.757+0.007 0.73+0.15 

tee 1,230.15 
1.699+0.007 1.73+0.15 
2.319+0.008 2.330.15 
2.791 +0.008 eee 
3.140+0.008 eee 
3.539+0.008 
4.384+0.008 
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* See reference 7. 


of the tracks more difficult. Any non-uniformity of the 
foil thickness will cause a large variation in the residual 
range of the protons. Also, it is difficult to obtain foils 
that do not have some pinholes or thin spots which 
allow a few deuterons to be recorded. To eliminate these 
difficulties, targets with thin backings are particularly 
useful for the survey of the region well below the deu- 
teron groups elastically scattered from the target 
nuclei, since the full proton range is recorded. However, 
surface contamination, which occurs on both sides of 
the target backing, will give double reaction groups. 

The spectra shown in Fig. 5 were obtained from 
targets of enriched Si*°O, and natural SiO, evaporated 
onto thin copper backings bombarded by 1.81-Mev 
deuterons. Two double proton groups from contaminants 
of C® and N™ are indicated. There is also some indica- 
tion of a C"(d,p)C* contaminant group at the lower 
end of the upper spectrum. There remain four groups, 
only one of which is considerably more intense from the 
enriched SiO, target. This group, (7), has been 
attributed to the Si*°(d,p)Si*! reaction, corresponding 
to a level at 4.384 Mev. The other three groups have 
been attributed to the Si** isotope. 

The measured Q-values of the eight Si*°(d,p)Si*! 
groups are listed in Table I, together with the resulting 
level positions for Si*'. The intensities of these groups 
relative to the Si*°(d,p)Si*' ground-state group observed 
at 90 degrees are given for a bombarding energy of 
1.81 Mev. These relative intensities are considered to 
be reliable to +30 percent. Comparison with the range 
measurements of Motz and Humphreys’ shows agree- 
ment for three of the four excited states that they 
reported. 

The highest energy Si*°(d,p)Si* group (0) observed 
had a measured Q-value of 4.364+0.007 Mev in agree- 
ment with the Q-value of 4.33+0.15 Mev reported by 
Motz and Humphreys. No group of higher energy was 
observed with a Q-value up to 4.94 Mev with an inten- 
sity greater than 5 percent of group (0), indicating that 
group (0) can be assigned to the ground-state transition. 
Motz and Humphreys observed a group with Q-value 
of 4.93 Mev from their corrected Si*°(d,p) data which 
occurred at the same range as a Si”*(d,p) group. It is 
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TABLE IT. Si**(d,p)Si®® Q-values and level positions of Si?*. 


Si**(d,p) Si? 
Q-value in Mev 


Spacing 
in kev 


Si** level in 
Mev 


1 6.246+0.010 0 
1 4.968+0.008 1.278+0.007 
1 4.219+0.006 2.027 +0.007 
0.8 3.820+0.006 2.426+0.007 
0.5 3.176+0.006 3.0702-0.007 
04 2.6234+0.005 3.623+0.007 
0.3 2.168+0.005 4.078+0.008 
0.6 1.406+0.004 4.840+0.008 
0.4 1.349+0.004 4.897 +0.008 ; 
(9) 4.3 1.312+0.004 4.934+0.008 § 
(10) 0.4 0.300+0.004 5.946+0.009 
(11) 0.3 0.141+0.004 6.105+0.009 
(12) 3.0 —0.134+0.004 6.380+0.009 
Si*°(d,d')Si® 200.0 vee wee 
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therefore possible that the contribution of the Si’* 


isotope was not completely subtracted from their 
Si*°(d,p)Si* data. In addition they reported a Si*°(d,p)Si*! 
group with Q-value of 3.10 Mev, corresponding to a 
Si* level at 1.23 Mev. In the present investigation no 
such Si*°(d,p) group was observed with an intensity 
greater than 5 percent of the ground-state group. 
However, an intense Si?*(d,p)Si** group occurred in this 
region. Since it is possible that the Si*°(d,p)Si* data of 
Motz and Humphreys were not completely corrected 
for the Si** contribution, the group with Q-value of 
3.10 Mev might be attributed to a Si**(d,p)Si?® group 
occurring at the same range. 

In the surveys of the Si*°(d,p)Si* reaction the region 
of proton energies from 2.0 to 2.4 Mev was somewhat 
obscured by the low energy tail of an intense O'"(d,p)O"” 
group. It is quite possible that one or more weak 
Si*°(d,p)Si*" groups may have been missed in these 
surveys, particularly in a region of excitation of Si* 
from 3.55 to 4.0 Mev. 


The Si**(d,p)Si*® Reaction 


A previous investigation of the Si**(d,p)Si?® reaction 
has already been reported.! In the course of the present 
experiment several additional measurements of the 
same Q-values have been made, resulting in a more 
accurate determination of these Q-values. As a con- 
sequence some slight revisions have been made for the 
Si*® level positions. In addition three Si*8(d,p)Si*® groups 
of lower energy have been observed as indicated in the 
spectra of Fig. 4. In order to eliminate the possibility 
that any of these groups were due to the Si’® isotope, 
they were also observed from an enriched Si?°O, target. 
The relative intensities of the three groups relative to 
known Si?**(d,p)Si®® groups remained constant within 
+30 percent from targets of SiO2, Si**O2, and Si®°O., 
indicating that the assignment of these groups to the 
Si*® isotope is correct. These groups correspond to 
previously unreported levels of Si?® at 5.946, 6.105, and 
6.380 Mev. 


AND 
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In Table II are listed the revised Si**(d,p)Si*® Q-values 
and Si? level positions, together with the present addi- 
tional results. Relative intensities of the groups at 
1.81-Mev bombarding energy are given, together with 
the relative intensity of the Si?*(d,d’)Si** elastically 
scattered group. These relative intensities are con- 
sidered to be reliable to +30 percent. 


IV. CONCLUSIONS 


An investigation of some charged-particle reactions 
caused by deuteron bombardment has led to the 
accurate determination of three ground-state transi- 
tions and several excited states of Al?’, Si*®, Si®°, and 
Si. At least eight of these states have not been pre- 
viously reported. 

Ground-state Q-values of 5.994+0.011, 8.388+0.013, 
and 4.364+0.007 Mev have been measured for the 
Si?9(d,a) Al’, Si?*(d,p)Si*®*, and Si*°(d,p)Si*" reactions. 
It is possible to compare these results with the ground- 
state Q-values of other reactions.? Subtracting the 
Si#°(d,a)AP’8 Q-value of 3.120+0.010 Mev from the 
Al?7(d,p) Al’ Q-value of 5.494++0.010 Mev gives a pre- 
dicted value of 2.374+0.014 Mev for the Al?’(a,p)Si*° 
reaction. This result can be compared with the 
difference of 2.394+-0.016 Mev obtained by subtracting 
the Si?9(d,@)Al*’ Q-value from the Si?*(d,p)Si*® Q-value. 
These two values agree within the stated errors; how- 
ever, the difference of 20 kev is larger than usually 
obtained from internal cycles using measurements made 
at this laboratory. The Si*°(d,p)Si*! Q-value of 4.364 
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Fic. 6. Energy-level diagram for Si*. 
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+0.007 Mev can be compared to a value of 4.374+0.021 
Mev calculated from a combination of the Q-values of 
1.471+0.008 Mev,”® 8.158+0.011 Mev," and 8.388 
+0.013 Mev for the Si*(@-)P*!, P#(d,a)Si?*, and 
Si?*(d,p)Si* reactions, together with the mass differences 
(2D?— He*) and (2H'— D*) of 23.854+0.007 and 1.443 
+0.002 Mev.*® From the agreement of the preceding 
comparisons it is concluded that the three ground-state 
transitions reported here have been correctly identified. 

The investigation of the previously unreported 
Si**(d,a)Al’’ reaction from 0- to 3.0-Mev excitation 
indicated levels of Al?’ at 0.837+0.016 and 1.007+0.013 
Mev in good agreement with the results from other 
reactions. The relative intensities of the alpha-groups 
corresponding to these levels changed by a factor of 6 
when the bombarding energy was raised from 1.81 to 
2.00 Mev, indicating that their excitation functions 
must be considerably different. No confirmation of a 
level at 1.85 was obtained. A survey of the literature 
indicates that this level has generally not been observed 
from the inelastic scattering of protons and deuter- 
ons from aluminum. Additional investigation of the 
Mg?’(8-)AI’ reaction is needed to establish with cer- 
tainty whether or not such a level is excited in the beta- 
decay of Al’’. Inconclusive evidence was obtained for 
possible Si?*(d,a)Al*’ groups corresponding to levels at 
2.21 and 2.74 Mev. 

Evidence for levels of Si*® at 2.239, 3.515, and 3.786 
Mev was obtained from a survey of the proton groups 
from the Si?*(d,p)Si*° reaction for a region of excitation 
up to 6.0 Mev. It is concluded that the second two 
levels have not been resolved by previous inves- 
tigations of the Al?"(a,p)Si®® reaction. From the cal- 
culations outlined above, an average value of 2.382 
+0.010 Mev is estimated for the ground-state Q-value 
of the Al’’(a,p)Si®® reaction, indicating that previous 
measurements’ of this value have been in general about 
100 kev too low. Three proton groups have been ob- 
served, which, if assigned to the Si**(d,p)Si*® reaction, 
would correspond to levels at 5.075, 5.497, and 5.622 
Mev. However, the assignment of these groups cannot 
be regarded as certain from the present investigation. 


8H. T. Motz, Phys. Rev. 85, 501 (1952). 
29 Li, Whaling, Fowler, and Lauritsen, Phys. Rev. 83, 512 (1951). 
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Fic. 7. Energy-level diagram for Si**. 


Seven excited states of Si*! have been observed from 
the Si®°(d,p)Si*' reaction in a region of excitation up to 
4.9 Mev, of which the four highest have not hitherto 
been reported. A level diagram for Si* incorporating 


these results is shown in Fig. 6. No evidence was found 
for a level at 1.23 Mev reported by Motz and 
Humphreys.’ An examination of their results indicates 
the possibility that the proton group assigned to this 
level can be attributed to the Si**(d,p)Si®® reaction. 

Three new levels with excitations 5.946, 6.105, and 
6.380 Mev have been found for the nucleus Si? from 
the Si**(d,p)Si** reaction. A revised energy-level diagram 
for Si®® is shown in Fig. 7. The region of excitation now 
investigated has been extended to 6.7 Mev. 

We are indebted to P. M. Endt, H. A. Enge, A. 
Sperduto, H. A. Watson, and J. Haffner for their 
cooperation during the course of this investigation. We 
wish also to thank Miss Jane Pann, Mrs. Helene Harris, 
and Mrs. Cecilia Bryant for their care in reading the 
photographic plates. 
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Energy of a Bloch Wall on the Band Picture. II. Perturbation Approach 


Conyers HERRING 
Bell Telephone Laboratories, Murray Hill, New Jersey 
(Received March 14, 1952) 


The “exchange stiffness” constant, which appears in the theory of the Bloch interdomain wall in ferro- 
magnetics, can be calculated by computing the response of a saturated specimen to a small spatially varying 
perturbing field. This calculation is carried out here in the self-consistent field approximation, using running 
waves for the one-electron states, and the result is interpreted physically in terms of precession of the spins of 
moving electrons. 

Combination of the present theory with the Stoner-Wohlfarth model of the ferromagnetic electrons in 
nickel does not give satisfactory results, probably because the latter model does not approximate the actual 
self-consistent field solution very well. However, application of the theory to the free electron gas is of 
interest as a confirmation of the validity of the perturbation approach. 

It is shown that there exist, even in a ferromagnetic metal, quantum states orthogonal to all the low-lying 
states of the conventional band picture and having the properties of spin waves. The presumably universal 


3. relation between the exchange stiffness constant and the energies of spin waves of long wavelength is verified 

in the present approximation. It is shown that spin waves carry a current in a metal, though not in an 

5 insulator. For spin waves of long wavelength the present theory can be shown to include Slater’s theory of 

: : spin waves in a ferromagnetic insulator, and a fortiori to include all previous theories based on the atomic 
model. 
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I. INTRODUCTION 


HE energy, thickness, and other properties of the 

“Bloch wall” separating adjacent domains in a 
ferromagnetic medium depend upon the anisotropy 
constants of the medium and upon the extent to which 
the energy of the ferromagnetic electrons increases when 
the orientation of the magnetization vector is made 
spatially non-uniform.' This increase in energy per unit 
volume is commonly written, for cubic crystals, 


W=A|VM|2/M?, (1) 


where M is the magnetization vector and A is a constant 
characteristic of the material. The form of Eq. (1) and 
the order of magnitude of A can be accounted for on the 
basis either of the atomic picture! or of the band picture? 
of the ferromagnetic electrons. Moreover, it has been 
shown’ that A has a fundamental relation to the theory 
of spin waves and thus to the temperature variation of 
saturation magnetization at low temperatures, a relation 
which is probably valid regardless of the choice of any 
particular theoretical model for the ferromagnetic elec- 
trons. The theory of A given in I, though it provides a 
simple physical picture of the behavior of itinerant 
electrons in a Bloch wall, is not adapted to bringing out 
the way in which spin waves can arise out of the band 
picture. The present paper gives an alternative method 
of calculating A for the running-wave model, a method 
which is more complicated mathematically but which 
brings out the relation to spin waves and which is some- 
what more promising for practical calculations. 

The approach used in the present paper is based on 
the observation that if a specimen initially magnetized 

1 F. Bloch, Z. Physik 74, 295 (1932); L. Landau and E. Lifshitz, 
Physik. Z. Sowjetunion 8, 153 (1935); E. Lifshitz, J. Phys. USSR 
8, 337 (1944) ; L. Néel, Cahiers phys. 25, 1 (1944). For a summary 
see C. Kittel, Revs. Modern Phys. 21, 541 (1949). 

2 C. Herring, Phys. Rev. 85, 1003 (1952), hereafter cited as I. 

3, Herring and C. Kittel, Phys. Rev. 81, 869 (1951). 


in the z-direction is acted on by a small sinusoidally 
varying torque tending to rotate the magnetization 
about the x-axis, the resulting variation in the direction 
of M will vary inversely as A, as will the change in the 
energy of the system. Thus, a calculation of this energy 
change by perturbation methods gives the value of A. 
Explicitly, we shall assume a model for the ferromagnetic 
electrons in which their electrostatic interactions are 
taken into account but magnetic and spin-orbit inter- 
actions are ignored, and shall consider the effect of 
adding a term 


R> oc, sinx- rj, (2) 


to the Hamiltonian, where ¢,‘” is a Pauli spin matrix 
for the ith electron, r; is the position of this electron, x 
is an infinitesimal vector, and R is an infinitesimal 
amplitude. An elementary phenomenological calcula- 
tion, given in Sec. IIIB of reference 3, shows that the 
second-order energy perturbation AE due to (2) must, 
for a perturbation of sufficiently long wavelength, be 
interpretable in terms of A by 


AE=—QR?M?/8x2A, (3) 


where 2 is the volume of the specimen and M is in Bohr 
magnetons per unit volume. 

In this paper, as in I, the state of the ferromagnetic 
electrons will be approximated by the best possible 
determinant of one-electron wave functions, both in the 
unperturbed and in the perturbed state. As was ex- 
plained in Sec. III of I, this approximation almost cer- 
tainly gives too large a value for A. To calculate the 
effect of the perturbation (2) on the solution of the 
Fock-Dirac self-consistent field equations we may make 
use of the general perturbation formalism given by 
Peng‘ for these equations. A simplified version of this 

4H. W. Peng, Proc. Roy. Soc. (London) A178, 499 (1941). 


Similar principles were employed earlier by J. Bardeen in his 
treatment of metallic conduction, Phys. Rev. 52, 688 (1937). 
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formalism will be developed for the present problem in 
Sec. II while Appendix B will make use of Peng’s 
formulas in full generality. 

In Sec. III and Appendix B general expressions for 
the solution of the perturbation problem will be derived, 
expressions which can be used to establish a number of 
qualitative properties of the solution but which are too 
general for easy numerical evaluation. In this solution 
the perturbed one-electron wave functions will be ob- 
tained to the first order in the amplitude R of the 
perturbation and to the two lowest orders in its wave 
number x. To the lowest order in x, each perturbed wave 
function will turn out to be essentially the unperturbed 
running wave multiplied by a spatially variable spin 
function corresponding to orientation of the spin along 
the direction of the local macroscopic magnetization, a 
direction which varies from point to point of the crystal 
with an angular amplitude proportional to 1/x*, as (3) 
shows. However, to get the energy to order 1/x*, or 
equivalently to get the coefficient of 1/x? in the expres- 
sion for the angular amplitude, it is necessary to know 
the terms of order 1/x in the one-electron wave func- 
tions. When these terms are included it will be found 
that at any particular point of space the spins of 
different electrons differ in direction by an angle pro- 
portional to 1/x, i.e., to the gradient of the inclination of 
the macroscopic magnetization. These facts and their 
physical interpretation in terms of precessing spins will 
be discussed in Sec. IV. 

Sections V and VI will be devoted to the obtaining of 
numerically explicit solutions, first for an actual metal 
using some rather crude approximations, and then for 
the idealized case of a free electron gas, which can be 
solved without approximations. 

In Sec. VII it will be shown that a spin wave state of 
infinitesimal wave vector «x can be approximately repre- 
sented by a linear combination of all the determinantal 
wave functions derivable from that of the ground-state 
by taking an electron out of one of the singly occupied 
levels and putting it back with reversed spin and with 
its wave vector increased by x. To the zeroth order in « 
the coefficients of all these determinants are the same, 
but in the first order they differ. This representation of a 
spin wave is essentially the same as that given some 
time ago by Slater® for a ferromagnetic insulator; the 
same representation appears to be valid for a metal, 
although in the calculation of the energy for a metal 
certain terms not present in Slater’s treatment must be 
included. An obvious consequence of the present picture, 
which will be discussed briefly in Sec. VII is, that spin 
waves in general carry a current in a metal, though not 
in an insulator. This result differs from that reported 
recently by Bogolyubov and Tyablikov® in that these 
authors consider only the case of an insulator, i.e., a 
crystal for which the ferromagnetic electrons completely 

5 J.C. Slater, Phys. Rev. 52, 198 (1937). 


* N. N. Bogolyubov and S. V. Tyablikov, J. Exptl. Theor. Phys. 
U.S.S.R. 19, 256 (1949). 
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fill a band, and predict a current for this case. It will be 
argued below that their conclusion is erroneous. 


II. EQUATIONS OF THE PERTURBATION APPROACH 


Let the one-electron wave equations of the self- 
consistent field problem be 


[H+RKWi=dWi, (4) 


where K is an abbreviation for the o, sinx-r of (2), A; is 
the energy parameter, and H is the sum of the kinetic 
energy, the interaction with the ions of the lattice, the 
Coulomb potential, and the Fock exchange operator. 
The solutions ¥,; of this system of equations when 
R=0 will be presumed known. To calculate the Bloch 
wall coefficient A by (3) we need the energy to the 
second order in R, and to compute this we must de- 
termine the y; to the first order in R. The complicating 
feature of the latter problem is that the Coulomb and 
exchange operators in H depend on the y;, of all the 
occupied states. Although the problem can be solved 
formally without introducing any approximations re- 
garding this dependence of H on the y; (see Appendix 
B), the essential features of the exact solution can be 
derived much more simply by a treatment which as- 
sumes that the y¥, of both spins have the same 
orbitals, and that the small changes which the pertur- 
bation produces in the ¥; merely produce an additional 
exchange field similar in effect to the original perturbing 
field (2), though of course of an entirely different magni- 
tude. Since the more complete calculation shows that 
the error involved in using this simpler treatment is 
probably rather small, we shall use it here. 

Both here and in Appendix B we shall calculate 
merely the difference between the unperturbed energy 
and the energy of the determinant of perturbed wave 
functions satisfying (4) and reducing to the unperturbed 
set as R-0. However, in a metal the total energy varies 
continuously not only with the form of the one-electron 
functions themselves, but also with the choice of which 
levels are filled and which are empty. It is, therefore, 
legitimate to ask whether the energy of the perturbed 
solution we shall obtain here might be lowered by a 
subsequent alteration of the occupation numbers of the 
various states. Fortunately, it can be shown that as far 
as the second order in R no such redistribution can lower 
the energy; the argument is given in Appendix A. We 
shall therefore worry no more about occupation numbers. 

To the zeroth order in x, the operator K connects each 
¥. only with the two wave functions of the opposite 
spin which lie in the same band and have reduced wave 
vectors differing from that of y, by +x. Our assump- 
tion regarding the exchange field, stated roughly above, 
may now be described more precisely by saying that we 
shall assume the perturbed y, to have the form 


Vi=VOERLY Mya tU Mia], (5) 


where the square brackets in a subscript denote re- 
versal of spin. Moreover, since changing the sign of « in 
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(2) is equivalent to changing the sign of R, we must have 
U = (%)=—U #*(—x). Since a mixing of two states both 
of which are initially occupied does not affect the 
determinantal wave function, we shall adopt the con- 
vention that U*+=0 when states i and i-+t-« are both 
occupied. 

When (5) is substituted into the expression for the 
exchange operator, first-order terms of the form 
RU *0H/0(RU *) result. Noting that the one-electron 
energies \, are unchanged to the first order by the 
perturbation (see Appendix A), we have for the first- 
order part of the wave Eq. (4) 


Ky .O+D4 UA ieabtisa® 
+¥ 5.4 U*(0H/d(RU *) WiM=i. Ds VAWiea, ©) 


the summation on j being of course confined to occupied 
states. Taking the scalar product of this with ¥:.)° we 
get 
— Kien, c= (ting ADU A 
+2 [0H/0(RU *) ]iiza, Us 
=) Pij(«)U +, say. (7) 


This system of simultaneous equations determines the 
U * for the occupied states j. 

Several properties of the equation systems (6) and (7) 
are worth noting at this point. Since the function (5) 
has a spin direction which differs from that of yy, by a 
small angle which varies sinusoidally with position, the 
operator 0H/d(RU *) represents an exchange field at 
right angles to the z direction, roughly equivalent in its 
effect to an operator of the type (2), i.e., to a transverse 
magnetic field. We shall evaluate this exchange operator 
explicitly in Sec. V. Its matrix element which appears in 
(7) will approach a finite limit as «0, as will the A 
term in ®,; and the term Ky,ii«, :. However, we cannot 
obtain the desired solution of (7) by considering only the 
limiting forms of its various coefficients as x0. If x 
were zero, the energy of the crystal would not be 
changed by rotating the spins to a new orientation, and 
the response to the applied torque would be infinite. 
Mathematically this means that the determinant of the 
matrix ®,;; approaches zero as x0. The U; which 
satisfy 


Li ®,;(0)U;=0, 


can easily be constructed by comparing (5) with the 
expansion of the equation 


y;=exp(ie-0/2)y;, (8) 


which corresponds to replacement of each y;° by a 
state with the spin rotated by an infinitesimal amount e 
about the direction e. The local state of the crystal in 
the presence of a perturbation with finite « will be, in 
zeroth approximation, the state obtained by rotating 
the unperturbed spins to the local perturbed orientation, 
but to the next order in « it will differ from this, and it 
is just this difference which is responsible for the 
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stiffness which makes the response of the spin system to 
the perturbation finite. 

We are therefore led to solve (7) by expanding all 
quantities in powers of x. For a given direction of x« let 


UsFH=tU /eP+U f/Kt2U +: (9) 
P(x) =O, PAK; / + 07°bi "+--+. (10) 


The range of values of j occurring in the summation on 
the right of (7) is that for which j is occupied, [j+«] 
empty. If this range is independent of x, as is the case 
when the doubly-filled orbitals comprise an integral 
number of bands, the equations resulting from insertion 
of (9) and (10) into (7) are quite simple, otherwise not. 
As the general case is considered in Appendix B, the 
present treatment will assume the former simpler 
alternative ; because of the reciprocity between electrons 
and holes the results must be applicable to cases where 
the ferromagnetism is due to holes in a filled band, as 
well as to those involving electrons in an empty band. 
With the present assumption we get from (7), 


>; ,°U=0, (11) 
Y (6;°U/+4,/U;)=0, (12) 
Y (0, °U + 8,/U/+6,'U))=—K*, (13) 
where 
Ko=limK 44, = 4; (14) 


if we adopt the phase convention Yj =o. ;. 


III. SOLUTION OF THE EQUATIONS 


The solution of (11) is most easily obtained from (8) ; 
it is 


US=U%, (15) 


an as yet arbitrary constant independent of i. The 
correctness of (15) can also be shown directly, by 
substituting it into (11) and using the explicit form of 
,;(0) from (7). Since \;,, differs from X; precisely by 
virtue of the different exchange fields seen by electrons 
of the two states of spin, we have for «=0 


AMa—Av= — Lj LOH/A(RV)j) tai, 


a result which is most easily derived from the explicit 
expression below for 0///d(RU;). Thus (11) is satisfied 
identically. 

The value of U® can only be determined by solving 
(12) and (13). If we sum (13) on i, the first term on the 
left goes out because of (11) and the Hermiticity of 
®,;°, while the second term can be transformed by (12) 
and the fact that ®;,’ is also Hermitian. Solving for U° 
we get 


(16) 


Peay RTE (x a9 Bei"— Li b:*,;°;], (17) 
where V is the number of uncompensated spins in the 
specimen and b;=U //U° satisfies 


>; $;;°;+>; &;/=0. (18) 
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This equation does not, of course, determine the }; 
uniquely, since a constant independent of j can be added 
to any solution; however, such a constant has no effect 
on the value of the denominator of (17). The values of 
U/ which actually occur physically could presumably 
be determined by analysis of higher equations of the 
form of (11), (12), and (13). We shall see in the next 
section that a simpler line of reasoning gives the re- 
quirement > 6;=0, and so removes the ambiguity 
without reference to the higher equations. 

To the second order the mean value of the perturba- 
tion term (2) in the perturbed ground state of the 
assembly is, as in any problem involving displacement of 
equilibrium of a harmonic system by a small force, equal 
to 2AE, where AE is the change in total energy produced 
by the perturbation. Therefore, to the second order in R, 


AE=} > (pi, RKY,). (19) 


Using (5), (9), (14), and the reality of U°, which follows 
from (17), this reduces to 


AE=2R°NK°V/x?, (20) 
to the lowest order in x. (The next term is presumably 
O(1), since AE is even in x.) Combining this with (17) 
and (3) gives the Bloch wall coefficient A. With 
M=WN/Q, where Q is the volume of the specimen, we 
have 


A= (40)1CS 5, 5 Bij" — Ls, 5 bs B;;]. 


It is easily verified that the first term in brackets in 
(21) gives the value of A which would result if we were 
constrained to use only determinants of functions (5) 
with U + strictly independent of i. The possibility of 
using different coefficients for different electrons enables 
us to lower the energy further, and gives a negative 
contribution to A represented by the second term in 
brackets. For free electrons (see Sec. VI) the first term 
in (21) gives A for the model in which all perturbed 
states are required to have the same spatial variation of 
spin, as considered in I, Sec. VIII; however, this exact 
correspondence to the model considered there does not 
hold in general. 


(21) 


IV. INTERPRETATION IN TERMS OF 
PRECESSING SPINS 
The physical significance of the analysis of the pre- 
ceding section can be appreciated by considering the 
spin orientation for an electron in the kth state. If we 
split the unperturbed wave functions into orbital and 
spin parts according to 


Ve0=Xe@ OF Xf, 


a and @ being eigenfunctions +1 of o,, the perturbed 
wave function is, to the first two orders in x, 
Wa=xna+ RU (1/x?) (1+ nbs) xX et 

— (1/x*)(1— Kb) xe-«]B, 


4b, R 
« 








a QO t_ eg, 
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Fic. 1. Path of mean spin direction of kth electron on the unit 


sphere. Numbers are values of x-r. Dot-dash line is path of 
average spin direction of all electrons, as «-r varies. 


whence 


coeff.8 0 
———=exp(ig,) tan— 
coeff.a 2 





= +-- 


uf? (Xkta— Xk—«) f by (Xkvet “2 
we Xk s Xk . 


where, as in I, @:(r), gx(r) are the polar angles of the 
direction along which the spin of the kth state has the 
eigenvalue +}. If we write 


(22) 


and remember that 4, is infinitesimal, this takes the 
simple form 


Xepe=exp(in: r)[x4+ix- Vet oe “1 


6, (cosg,+7 sings) 
= (4iR/x*)[sinw- r+(x-v./xx) cosx:r] 
+(46,R/x) cosx-r+O(1), 
where O(1) refers to the behavior as «0. 


From (23) we see that in regions where «-r is near an 
odd multiple of +/2, the spins of all the electrons will 


(23) 
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be practically parallel and oriented in a direction in the 
y-z plane (the plane g=+7/2, in which the applied 
torque is trying to move it), this direction making an 
angle @ with the z-axis which is of order 1/x*. At other 
points the orientation of the spin of any given state will 
in general not be in the y-z plane; the spin direction will 
show local fluctuations over each cell, but its mean 
direction in any cell will be that given by averaging (23) 
over the cell with weight |x,|?. The v, term in (23) 
disappears from this average, since v,; and x, are 
orthogonal, and so it can be seen that as «-r varies, the 
spin direction for the kth state will describe an ellipse on 
the unit sphere as shown in Fig. 1. When x-r is near a 
multiple of", the spin of the kth state will depart 
slightly from the mean spin direction of all the electrons, 
which is always in the y-s plane, the departure being in 
the x-direction and proportional to b, times the rate at 
which the mean spin direction is changing with position. 
This can be interpreted in the same way as the free 
electron behavior discussed in I, the latter being in fact a 
special case of the present problem. A wave packet 
formed of states neighboring to k will, in moving through 
the crystal, be acted upon by a torque due to the ex- 
change fields of the other electrons, this torque being in 
such direction as to tend to bring all spins into coinci- 
dence. This torque will cause the spin of the packet to 
precess, so that its projection on the unit sphere will 
move at right angles to the great circle joining it to the 
mean spin direction. If the mean spin direction moves 
back and forth in the y-z plane, as shown by the dot- 
dash line in Fig. 1, the spin direction of the wave packet 
will describe the ellipse shown. 

The behavior of the average spin direction of all the 
electrons, which we have just mentioned, provides us 
with a simple way of showing how the arbitrary con- 
stant occurring in U,,’, or 6;, must be chosen. We have 
seen that (18) does not determine 6; completely, but 
leaves us free to add to it any constant independent of j. 
Now if the average of 6; over all electrons differs from 
zero, the average spin direction of all the electrons will 
describe an ellipse on the unit sphere as x-r changes, 
while if the average of }; is zero, the mean spin will 
always remain in the y-z plane. That the former is 
impossible is obvious from symmetry: As we move 
through the crystal in the x-direction, so that x-r 
changes, there is no more reason for the average spin 
direction to describe a clockwise ellipse than a counter- 
clockwise one. This argument can be formulated in 
mathematical terms by making use of the time-reversal 
symmetry’ of the unperturbed Hamiltonian and the 
antisymmetry of the perturbation K, but we shall omit 
the details. 


V. ROUGH EXPLICIT EVALUATION OF A 


As we shall see in Secs. VII and VIII, the generality of 
the expression (21) (or (B.8) of Appendix B) for A is 


7 E. Wigner, Nachr. Wiss. Gottingen, p. 546 (1932). 
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useful in that it enables certain relationships inter- 
pretable in terms of spin waves to be established rigor- 
ously for the self-consistent field model. However, it 
would be very difficult to evaluate (21) exactly for the 
rigorous self-consistent field solution for an actual 
ferromagnetic metal, since one would have to start with 
the wave functions of the unperturbed self-consistent 
field solution, evaluate various integrals over them to 
get &;;°, ®;;, and ®,,”, and solve the integral Eq. (18). 
In this section we shall consider some approximations 
which, though crude, enable an explicit evaluation to be 
made while retaining the most important physical 
factors upon which the solution depends. 

Consider the matrix element [0H/0(RU ;*+) ]tive, : 
which, according to (7), constitutes the most difficult 
term in ®;;(%). Of the Coulomb and exchange operators 
in H, only the latter is changed in first order when (5) is 
substituted for y;“°, and from the form of the exchange 
operator it is easy to show that the matrix element in 
question is simply the negative of the electrostatic 
interaction energy of the charge distributions 
xi°X iy (24) 


Xite"Xj+e and 


where the x’s are the orbital parts of the y’s. Now the 
former of the distributions (24) is independent of x for 
free electrons, and also in the limit of tight binding for a 
band arising from a nondegenerate atomic level. Al- 
though neither of these cases corresponds to the situa- 
tion in actual ferromagnetics, one is tempted to explore 
the consequences of assuming that 
—[0H/(RU ;*) pisa, =Jpi=J i, (25) 


independently of «x. With this assumption we have, 
taking the x axis in the direction of x, 


® = Ad,b;:—J ij, 
$,/= (Ot) ‘Aj 2)8 ji, 
$,;"= 5(d°AG, ‘Aj 2”)6; ty 


(26) 
(27) 
(28) 


where Ad\j;=A,j)—A;=D: Ji;, the summation being 
over the singly-occupied orbitals only. Thus (18) reduces 
to 


Di Jis(bj—b) + AA /8j.=0. (29) 


All the assumptions leading to (29) are valid for the 
free electron problem, and we shall use it without further 
approximation in the next section. In this section, how- 
ever, we shall from now on make the further assumption 
that 


Jis=J/N (30) 


independent of i and j, where as before V is the number 
of singly occupied levels. This approximation, which of 
course is quite crude, amounts to assuming that the 
torque which the other electrons exert on the spin of an 
electron in the jth state is in each region of space simply 
proportional to the departure of the spin orientation of 
the jth state in that region from the local mean orienta- 
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tion. Stoner® has elaborated the theory of ferromag- 
netism at some length on the basis of an analogous 
assumption. 

With the assumption just mentioned, the solution of 
(29) which satisfies }> 6;=0 is 


b= —J“94 51/9». (31) 


Using this with (26), (28), and (30), the expression (21) 
for A becomes, if we assume cubic symmetry, 


A= (240) ¥ [V?A,—2] VAqa| 2/J7], (32) 


the V operators being, of course, differentiations in wave 
vector space. For the case where the holes in the d band 
can be treated as free particles with an effective mass 
m*, a case which Stoner’ has treated in detail and which 
Wohlfarth® has applied to nickel and its alloys, (32) 
becomes 


A=(N/4Q)(m/m*)(1—4/3J) 


= (N/4Q)(m/m*)(1—2°/%€9/5k0’), (33) 


where \=(k?m/m*),, is the mean energy of the holes 
relative to the band edge, and where at the right we 
have translated \ and J into Stoner’s notation by setting 
J =2k0' and €)=Xmax/2!, €) being the maximum energy 
of a hole relative to the band edge for the case where the 
holes are distributed equally between the two states of 
spin. It is noteworthy that according to (33) a ferromag- 
netic spin arrangement should become unstable with re- 


fe 


spect to long wavelength fluctuations when k6’ < 25/%¢)/5 


=().635¢€ ,'° while Stoner’s criterion, based on a com- 
parison of energies of states with different occupation 
numbers for the two spin directions, predicts ferromag- 
netism at 0°K whenever k@’> 2¢0/3. The criteria for the 
two kinds of stability are thus surprisingly close to each 
other. 

One is tempted at this point to try to pick numerical 
values of m*, €, and k6’ for nickel and compare the 
prediction of (33) with the experimental value A=8 
X10~7 sec/cm"* although one could hardly ex- 
pect quantitative agreement with so crude a model. 
Wohlfarth® suggests e,=0.17 ev, k6’/e5=0.8, values 
which when combined with V=0.6Xnumber of atoms 
give 2.7X10~ erg/cm for the product of the first two 
factors in (33), and 0.2 for the third factor. Alterna- 
tively, Slater’? has attempted to evaluate the ferromag- 
netic properties of nickel @ priori; his results, if inter- 
preted in terms of the Stoner model, correspond to 
€9=0.24 ev, k0’/e,=0.73, values not far different from 
Wohlfarth’s. However, the model used in Slater’s calcu- 


8E. C. Stoner, Proc. Roy. Soc. (London) am, 372 (1938); 
A169, 339 (1939), Rep. Progr. Phys. 11, 43 (1946 

*E. P. Wohlfarth, Proc. Roy. Soc. (London) A195, 434 (1949). 

107 am grateful to Dr. E. P. Wohlfarth for correcting an arith- 
metical error in this coefficient, and for pointing out that the 
similarity of the two criteria for stability of the Stoner model is to 
be expected in view of the similarity = the two criteria for the free 
electron model, as found in I, Sec. VII 

"M. Fallot, Ann. phys. 6, "305 (1936). 

#2 J. C. Slater, Phys. Rev. "49, 537, 931 (1936). 
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lation differs in one important respect from the Stoner 
model, in that the top of the d band is not a single state, 
but is highly degenerate, so that the holes occupy 
overlapping bands centered on different points of the 
Brillouin zone. It follows that the model used in deriving 
(33) is even cruder than one might at first suppose, 
since in addition to the error involved in assuming (25) 
and (30) there is undoubtedly a large error in assuming 
the relation of V, ¢o, and VA; to be the same as for free 
particles of some effective mass m*. Correction of this 
error might well increase the computed A several times. 
While it is gratifying that a crude interpretation of 
Slater’s calculations seems to lead to an A value of the 
right order of magnitude without use of any empirical 
parameters relating to the magnetic or electronic struc- 
ture of nickel, it is obvious that such comparisons as we 
have been making cannot at present provide any 
quantitative evidence pro or con regarding the validity 
of the band picture. 


VI. THE CASE OF FREE ELECTRONS 


A gas of perfectly free electrons is known to be 
ferromagnetic in the self-consistent field approxima- 
tion,'* although an exact calculation of its ground state 
would probably show it to be nonferromagnetic." As an 
essentially exact calculation of the Bloch wall coefficient 
A was given in I for free electrons in the self-consistent 
field approximation, it is of interest to show that the 
equations of the present paper coincide with those of I 
for this case, in spite of the different approach. This 
comparison provides an explicit illustration of the fact, 
physically obvious but mathematically less so, that one 
comes out with the same A regardless of whether one 
considers a complete reversal of the spin direction over 
the dimensions of a large specimen, as was done in I, or 
considers, as here, a truly infinitesimal perturbation of 
the spin orientations, i.e., one involving a change <one 
unit in the total spin of the crystal. 

The assumptions made in the previous sections as far 
as Eq. (29) are all valid for free electrons, within the 
limitations of the self-consistent field approximation. So 
to carry this approximation through rigorously for free 
electrons we only need to substitute into (29) the proper 
values of J;; and \,,), viz., in atomic units, 


J 4;=82/2\i—j\? (34) 


AW=s’. (35) 


With these substitutions (29) is identical with Eq. (20) 
of I if we interchange the x and z directions and identify 

. by with &, /| Vel P (36) 
where V¢ was defined in I to be the mean gradient of 
spin orientation, and £, was the angle between the spin 
of the kth electron and the plane in which the macro- 
scopic direction rotates. We can easily verify that the 


% F. Bloch, Z. Physik 57, 545 (1929). 
4 E. Wigner, Trans. Faraday Soc. 34, 678 (1938). 
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identification (36) is consistent with the expression (23) 
for the spin direction of the kth electron. For in (23) the 
mean spin is in the direction g= 7/2 (see Fig. 1). At a 
point where x-r is a multiple of 27 the deviation of the 
kth spin from the plane g= 7/2 is the semi-minor axis 
of the ellipse of Fig. 1, equal to 46,R/x. Since at such a 
point the gradient of mean spin direction, d0/dx, is « 
times the semi-major axis of the ellipse, we have 


semi-minor axis= b,d6/dx, 


in agreement with (36). Finally, one can easily show, by 
using (18), (27), (28), (35), and (36), that (21) gives the 
same A as Eq. (25) of I. 

It is interesting to consider the consequences of 
making the additional approximation J,;=J/N inde- 
pendent of i and j, as was done in the preceding section, 
instead of using the correct expression (34). Two 
possible choices of J are the choice which gives the total 
exchange energy the correct value, and that which 
gives the correct difference in exchange energy between 
the magnetic and nonmagnetic states. Use of the former 
choice in (33) gives 


A=(N/4Q)(1—0.2672Rmax), (37) 


while the latter choice gives 


A=(N/42)(1—0.647 #kmax)- (38) 


These may be compared with the correct value given by 
Eq. (26) or (27) of I, viz., 


A= (N/40)(1—0.72174Rmax). (39) 
It will be seen that (38) is much superior to (37) and is in 
fact a surprisingly good approximation. 


VII. RELATION TO SPIN WAVES 


It was shown in reference 3 that, if V,, designates the 
eigenfunction of the entire system of ferromagnetic 
electrons in the presence of the sinusoidal perturbation 
(2), the V,, of a ferromagnetic insulator is asymptotically 
equal to the unperturbed ground-state eigenfunction Vo 
plus R/x? times a linear combination of the two states 
V,,. derivable from Wo by excitation of a single spin 
wave of wave vector +x. This means that for an 
insulator the wave function dV,/9R is, in the limit 
x0, an excited eigenfunction of the unperturbed 
system, of the nature of a spin wave. It is, therefore, of 
interest to study the properties of 0V,,/0R for a metal, 
where the other theories of spin waves are inapplicable, 
to see to what extent it is legitimate to regard this func- 
tion as an eigenfunction of the system, of the spin wave 
type. Of course, the approach of the present paper is 
seriously limited, in that we have considered only 
determinantal approximations to Wo and V,,; neverthe- 
less, it is natural to hope that many qualitative prop- 
erties of our approximate 0V,,/dR may also be possessed 
by the true 0V,,/dAR. 
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It is clear that if WV, is normalized to unity inde- 
pendently of the perturbation amplitude R, the function 
dV,,/AR is orthogonal to Vo, hence a linear combination 
of excited eigenfunctions. Its mean energy E is related 
to the energy change AE produced by the perturbation 
(2), since to the second order in R the mean of the 
unperturbed Hamiltonian H in the state Vy~Wo 
+R0V,,/AR is 


E.,= (Eo+ R°CE)/(1+R°C), 


where Eo is the ground-state energy and C is the 
normalization integral of 0V,./0R. Now to the second 
order in R the energy EL, lies above Ey by the same 
amount that the energy of WY, with the perturbed 
Hamiltonian lies below it. Equating (40) accordingly to 
E,— AE, where AE is given by (3), and solving for E, we 
get 


(40) 


E=E,—AE/R'C. (41) 
This relation, though derived for the case where Wp and 
WV, are true eigenfunctions of their respective Hamil- 
tonians, is equally valid when E,, and Ep represent the 
energies of the best determinantal approximations to the 
eigenfunctions, since the form of Peng’s second-order 
energy expression (Eq. (B.4) of Appendix B) shows that 
even in the self-consistent field approximation the first- 
order wave function determines the second-order 
energy. 

To evaluate (41) using the determinantal form for ¥, 
derived in Sec. III, we note first of all that as x0, (5), 
(9), and (15) give 


C=L LU t|*+|UH|*}~2N| V9] 2/ 04. 


Inserting this into (41) and using (17) for U° and (20) 
for AE we get 


B—Ey= x? D, (®;f’—b;*b; 9b) /N =(4QA/N)x2, (42) 


by (21). That the simplifying assumptions used in 
Secs. II and III are not responsible for this result can be 
shown by using in (41) the C and AE obtainable from 
the mofe general treatment of Appendix B, and noting 
that the same expression (42) results. 

The field theory of spin waves developed in reference 
3 gives an expression for the energy of a spin wave of 
wave number x« which is identical with (42). This 
coincidence of energies is more than merely suggestive 
of the validity of the field theory and the legitimacy of 
regarding 0V,,/0R as an eigenfunction of the spin wave 
type. For if (42) is valid for the true eigenfunctions V 
as well as for the determinantal approximations, the 
reasoning given in Sec. ITIC of reference 3 shows that an 
expansion of dW,,/AR in terms of eigenfunctions of the 
unperturbed Hamiltonian must consist almost entirely 
of states whose energies above the ground state differ 
from (42) by an amount which is <(42). 

The characterization of 0V,,/0R as a spin-wave state 
is supported by consideration of some of its other 
properties. In the present determinantal approximation 
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the normalized state dV,,/AR is of the form 
C0W,,/aR=2-4(¥,—W_,), 


where ¥, is a linear combination of all the wave func- 
tions A,(k) derivable from Wo by removing an electron 
from some singly-occupied state of wave vector k and 
putting it in a state of opposite spin with wave vector 
k+ x, the coefficients of all these wave functions being 
equal to within an error of order x. The functions V,, 
obviously correspond to spin waves of wave vectors +x, 
respectively. All the determinantal states A,(k) have 
mean energies above the ground state of the order of the 
exchange energy of an electron, a quantity which is 
>(42) when x is small. Thus all the A,(k) are orthogonal 
to all the determinantal states derivable from the 
ground state by exciting one or a number of electrons 
with a total energy of excitation of the order of (42). 
The spin wave states are, therefore, orthogonal to all 
the states of comparable excitation energy which are 
considered in the conventional itinerant electron model. 
Moreover, it is easy to verify that when the state of the 
system is a linear combination of the ground state and 
one of these spin-wave states with a coefficient of the 
form exp(iw!), the mean spin direction in each region of 
the specimen precesses in time around a narrow cone, 
just as it would for the well-known spin-wave states of 
an insulator. Finally, as will be shown in detail in the 
next section, when the singly-occupied states completely 
fill a band the spin-wave states obtained from 0¥,,/dR, 
using the approximations of this paper, reduce to those 
which are already familiar for insulators. 

The preceding discussion suggests that approximate 
representations of states with several spin waves excited 
can be obtained by taking linear combinations of states 
derived from Wo by reversing the spins of several 
electrons, changing the wave vector of each by the wave 
vector of one of the spin waves. These states, like the 
singly-excited states just considered, will be independent 
of the low-lying excited states of the conventional 
itinerant electron model. 

The present theory of spin waves in a metal predicts 
for them a property not possessed by the more familiar 
spin waves in an insulator, namely, that of carrying a 
current. From what has been said following Eq. (43), the 
spin wave eigenfunction is, in the approximation of 
Sec. III, 

v.=N4 DV ii+ xb ;+O(x*) JA.(j), 
where 6; is defined by (18). The total current operator J 
has no matrix elements connecting different ones of the 
determinants A,(j), and its mean value in the state 
Aj) is I j4.—,, where J; is the mean current of the one- 
electron state y;. Therefore, the mean current of the 
spin-wave state is 
(W,.,1V.)=N7AD [1+ 2« Re(b;) (144-1) + O(«*) (45) 

=N-x-Y; VI,+0(#), : 


since b; is an odd function of j while V/; is even. The 


(43) 


(44) 
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differentiations in V are, of course, with respect to the 
wave vector j. For an insulator >>; VJ; vanishes, since 
the summation is over a full band, but for a metal it 
does not. Thus for a metal Eq. (45) will usually give a 
current of the same order as the current carried by an 
electron of the ferromagnetic band with wave vector x. 

The present calculation seems to refute the claim 
made by Bogolyubov and Tyablikov’® to the effect that 
the current is nonvanishing when the ground state has 
a full band of ferromagnetic electrons. For, if I under- 
stand their calculation correctly, they obtain this result 
for a spin-wave eigenfunction of the Bloch type, i.e., a 
linear combination of states derived from the ground 
state by reversing the spin of the electron in one of the 
atomic states. This eigenfunction is a special case of 
those considered in the present paper. 


VIII. RELATION TO SLATER’S THEORY 


The relation (42) enables us to calculate A if the spin 
wave energies are known, or to calculate the spin wave 
energies, to the first order in x, if A is known. Since 
Slater® has given a method for the calculation of spin- 
wave energies for a ferromagnetic insulator, it is natural 
to ask how Slater’s method is related to the methods of 
the present paper. Slater assumed the ground-state 
wave function Wo to be of determinantal form, and 
approximated the wave function ¥, for a spin wave by a 
linear combination of the .V? states obtainable from Wo 
by removing an electron from one of the N-occupied 
states, say the ith, and placing it, with reversed spin, in 
some state having the same orbital-wave function as 
some one of the initially occupied states, say the jth. 
In this section we shall begin by proving that the use of 
any such linear combination for ¥, is equivalent to the 
use of a determinantal form for the wall functions V,, 
related to the V, by (43), at least to terms of the first 
order in the perturbation amplitude R. 

The theorem which we shall prove first is actually a 
little more general than is required for application to 
Slater’s work. It may be stated thus: Let Wo be a 
determinantal wave function, ®, any determinantal 
wave function constructed from Wo by removing an 
electron from some one-electron state and placing it in 
another, and let @ be any linear combination of the ®,. 
Then the state Yo+e® coincides with a certain de- 
terminantal wave function V,,(e) to within a difference 
of order e? as e—0. The index m may have a discrete or 
continuous range, and the new one-electron state in- 
volved in ®, is not restricted to have any special 
relationship to those involved in Wo. 

The proof is very simple if we consider what at first 
sight seems to be a special case, namely, where each ®,, 
is obtained by replacing the state y, of the initially 
occupied set by a different state gn. The state Vo+ €ci?; 
is then a determinantal wave function differing from Vo 
in having the y of the first column replaced by yi 
+ecigi. The state Vo+ ec:P;+ eco2, though not exactly 
of determinantal form, coincides to the first order in € 








; 
; 
: 
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with the determinantal wave function obtained from Wo 
by replacing yi by Yit cigs and Yo by Pot €c2¢2. This 
can be continued to show that Wo+e® is determinantal 
to the first order in e. 

To construct a general mathematical proof it is only 
necessary to show that no matter how many ®,,’s there 
are in the expression for ®, this expression is always 
equivalent to one of the sort considered in the preceding 
paragraph. This can be done by using the creation and 
annihilation operators of quantized wave theory." If 
a(y) is the operator removing an electron from the one- 
electron state y, and a*(g) is the operator introducing 
an electron into the state g, the most general possible 
form for the wave function ® mentioned in the theorem 
would be obtained by operating on Wo with an operator 
of the form 


Le ¥ Bg, v)at(g)a(y), 


with g and W completely unrestricted except for the 
requirement that y be initially occupied, ¢ initially 
empty. However, since any a or a* can be expressed as a 
linear combination of the corresponding operators going 
with any orthonormal set of wave functions, this oper- 
ator can always be written in the form 


DV icat(ga(y,), 


where the Wy; are any orthonormal set spanning the 
initially occupied subspace, and the ¢; are a suitably 
chosen set of initially empty states, not necessarily 
orthogonal to each other. In the latter form the operator 
gives a wave function ® of the form used in the pre- 
ceding paragraph. 

Note that no analogous theorem can be proved for the 
case where ® contains terms involving two or more 
substitutions in Wo, since linear combination of two 
determinants which differ in more than one column does 
not, in general, give a determinant. 

It is now clear that, as far as spin waves of long wave- 
length are concerned, Slater’s theory of spin waves must 
be a special case of that given here. Since Slater’ has 
shown that the results obtained in earlier theories of 
spin waves, using the atomic approach, are included in 
those obtainable from his approach, these earlier 
theories are also special cases of the present treatment. 
However, the present approach is very different from 
Slater’s and it is an interesting mathematical exercise to 
show that Slater’s final energy expression is really 
identical with that obtainable from our Eq. (21) or 
Eqs. (B.8) and (B.9) of Appendix B. The details of this 
correspondence will not be given here; it will suffice 
merely to call attention to the formal similarity of the 
two terms in Slater’s Eq. (31) to the two terms of our 
(B.9). To the accuracy of Slater’s tight binding ap- 
proximation this similarity can be shown to be an actual 
quantitative identity of each species of term, factor by 
factor. 


‘6 P. Jordan and E. Wigner, Z. Physik 47, 631 (1928). 
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Although the reasoning just mentioned illustrates in 
detail the equivalence of Slater’s approach to that of 
this paper for a ferromagnetic insulator, it is worth 
noting that for the case of a metal, which Slater did not 
discuss, our expression (21) for A contains terms of 
quite a different physical nature from the two terms in 
Slater’s Eq. (31). For in the verification of the corre- 
spondence of our results with Slater’s it is necessary to 
use the fact that the second derivative of the energy 
parameter with respect to wave vector vanishes when 
summed over all states i and j in a filled band; if a 
partly filled band is present, as in a metal, this term will 
give a large contribution to our expression (21) for A, 
perhaps even larger than that given by Slater’s whole 
expression. 

This essential difference between filled and partly 
filled bands can be illustrated more concretely by con- 
sidering the free electron problem. One might at first 
suppose that Slater’s approach could be used for the 
free electron problem by replacing the actual ground 
state of this problem by a state in which almost-free 
electrons exactly fill a Brillouin zone, i.e., by starting as 
in the atomic-model calculations of Sec. VI of I and then 
improving the energy by Slater’s method. But this 
would give completely wrong results: The correct solu- 
tion of the wall problem for free electrons leads, as we 
have seen, to a determinantal wave function each of 
whose one-electron components is a linear combination 
of an originally occupied plane wave state of wave 
vector k and the states of opposite spin with wave 
vectors k--x. Some of the latter would lie outside the 
hypothetical Brillouin zone just mentioned, and so one 
could not get anything resembling the correct wave 
function by Slater’s method. The omission of terms 
containing plane waves outside the Brillouin zone is in 
fact the root of the fact that the approach used in 
Sec. VI of I gave such a poor approximation to A for 
free electrons. 


APPENDIX A. EFFECT OF REDISTRIBUTION 
OF OCCUPATION NUMBERS 


We wish to show that in the presence of the perturba- 
tion (2) the energy of the state with the same occupation 
numbers as the unperturbed ground state differs from 
the energy of the state with optimum choice of occupa- 
tion numbers only by an amount of higher order than 
the second in the amplitude R of the perturbation. This 
will clearly be the case if it can be shown that the one- 
electron energies \; are unchanged to the first order by 
the perturbation, since the energy lowering which can be 
achieved by reshuffling is of the second order in the 
changes of the \,;. The absence of first-order changes in 
the \, can easily be established. For it is clear that the 
self-consistent field solutions for R and — R will be taken 
into each other by rotation of all spins through 180° 
about the z-axis, an operation represented by the Pauli 
matrix io, for each electron. We can, therefore, choose 
the one-electron functions y; in such a way that they 
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depend continuously on R and satisfy 
¥;(—R)=a;o.,(R), 


where w;= 1 for states which for the unperturbed system 
have the majority spin direction, and =—1 for the 
remaining states. The Coulomb and exchange operators 
in the one-electron Hamiltonian contain terms of the 
first order in R, and the diagonal matrix elements of 
these first-order operators, relative to the y;, consist 
of terms of the same form as the first-order parts of the 
Coulomb and exchange integrals formed from a pair of 
states i, j. But each of the latter integrals has the same 
value for R and —R since |w;|*|w;|*=1, and so the 
diagonal elements of the first-order operators must 
vanish. Since the diagonal elements of K also vanish, 
there can be no first-order term in any \, unless the 
perturbation connects two states of opposite spin with 
the same energy. This cannot occur for the model con- 
sidered in the text, and for the more general cases 
considered in Appendix B it can occur at most for a 
number of states which is infinitesimal as R-0. 

In applying the same sort of argument to problems 
other than the one considered in this paper, it should be 
borne in mind that the proof just given is valid only for 
cases where the diagonal elements of K vanish. More- 
over, it may sometimes be possible to solve what is 
essentially one and the same physical problem in two 
different ways, one of which may involve a reshuffling of 
occupation numbers while the other does not. An ex- 
ample is the problem of computing the paramagnetic 
susceptibility x of an assembly of free electrons which 
in the unperturbed state contains electrons of plus and 
minus spin in equal numbers. The familiar solution of 
this problem involves subjecting the assembly te a 
constant magnetic field H and computing the changes in 
occupation numbers of the states with plus and minus 
spin. It can be shown, however, that the same value of x 
can be computed from the changes in the wave functions 
of the occupied states induced by a perturbing magnetic 
field of the form H=H, sinx-r, without any change in 
occupation numbers. This is because the sinusoidally 
varying field corresponds to a K whose diagonal matrix 
elements all vanish, while the constant magnetic field 
does not. 


APPENDIX B. CALCULATION OF A WITHOUT 
SIMPLIFYING ASSUMPTIONS 


Results formally similar to (21) and (18) can be 
proved to hold for the rigorous solution of the Bloch 
wall problem in the self-consistent field approximation. 
In other words, it is not necessary to assume wave 
functions of opposite spin to have the same orbital 
parts, or to assume the perturbed wave functions to be 
of the form (5). The argument will be sketched very 
briefly here, primarily for the purpose of showing that 
(42) is always satisfied rigorously by a self-consistent 
field solution. 

A convenient starting point is provided by the equa- 
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tions of Peng‘ for the alteration of a solution of Fock’s 
equations by an external perturbation. Let the per- 
turbed wave function of the ith state be written 


Vi=YO+R Le Oud, 
where w runs over all empty states of spin opposite to i. 
(Compare (5) of the text.) Peng’s equations to de- 


termine the U,; are the generalization of (7) of the text, 
and are, in our notation, 


—K,;= (A. AM aitLi, wo Gapii—Gapis)U ai" 
+ (Gaini—Gaijn)U ni]; 


where here and below it is to be understood that Greek 
suffixes run over empty states, Latin suffixes over filled 
states, and where the Ga,;; are Coulombic integrals of 
the form 


(B.1) 


(B.2) 


Gayii= ff fr-orov.one) 


2 
x(. — Wie) ade (B.3) 
|r—r'| 


The second-order energy is given by 


limAE/R?= E® =Re > Kj,U4;. 


R-0 a7 


(B.4) 


where Re means “real part of’ [compare (19) of the 
text ]. 

Our first step is to show that for the present problem 
(B.2) can be written symbolically in a form similar to 
the second Eq. (7) of the text, namely, 


—K=9U, (B.5) 


K and U being conceived as vectors, or one column 
matrices, whose components are labeled by indices k, n, 
+, where k refers to the second suffix of a matrix 
element such as U,;, m labels the band in which up lies, 
and kx is the reduced wave vector of wu. The legiti- 
macy of (B.5) is not at first obvious, since the first G 
term of (B.2) contains U,;* instead of U,;. However, we 
can show that (B.5) is justified for the particular case 
we are considering, where K is o, sinxx. Suppose for the 
moment that we have chosen a basis ¥; consisting 
entirely of real functions of the coordinates multiplied 
by the spin functions a or 8. This can always be done, 
since the one-electron Hamiltonian is real. Then all the 
G’s in (B.2) will be real, and all K.; will be imaginary. 
Therefore, if we make the solution unique by requiring, 
as in Sec. 4, that the mean spin lie in the y-z plane, all 
the U,; must be imaginary, and relative to this basis we 
can replace U,;* in (B.2) by —U,,;. A matrix equation 
of the form (B.5) will then hold relative to this basis, 
and by transformation an equation of the same form can 
be derived relative to any other basis. However, in using 
(B.5) we must remember that it is equivalent to (B.2) 
only when U,,; represents an operator which takes real 
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wave functions into imaginary ones. A simple analysis, 
which we omit, shows that the matrix describing ® is 
Hermitian, i.e., that 


_ * 
Pi nk, ki n't! = Pe n't, kat” 


The matrix, or operator, ® and the “vector” U will of 
course depend on the wave vector « of the perturbation, 
and can be expanded in power series analogous to (9) 
and (10). As x0, ® approaches a limit 6°, and the 
invariance of the energy with respect to rigid rotations 
of the spin system requires that one of the eigenvalues of 
© must be zero. It is not hard to show that, if the 
unperturbed system has no degeneracy other than that 
associated with spin rotations, the null eigenvalue has 
only the multiplicity two corresponding to two eigen- 
vectors “4°, u2° which may be specified to have the 
properties 


(u1") ; = (141°) jn ’ (12°) jn- = (162°) j nts (B.6) 


If w,(x) are the eigenvalues of @(x) and u,(«), the 
corresponding normalized eigenvectors, we can write the 
solution of (B.5) in the form 


U=-@'K=-L,(u,y,K)u,/w» —_(B.7) 


Of the two eigenvectors “;, “2 whose eigenvalues w1, 
w2—0 as x0, only the eigenvector “, will have in the 
limit a nonvanishing scalar product with K. As x0, all 
terms of the summation (B.7) except the one p=1 will 
be bounded; since we are interested only in the leading 
term in the energy as x—0, which involves only the part 
of U which goes as 1/x?, we can ignore the terms p>1. 
For the same reason we can replace (x) by «(0)= 1° 
in the numerator. By (B.4) the second-order energy is 
therefore, to order 1/x’, 


AE/R?= — | (K, uy) |?/xwr”, (B.8) 


where w,”’ is the coefficient of x? in the expansion of w, in 
powers of «. (The first-order coefficient w;’ vanishes by 
symmetry.) Combination of (B.8) with (3) gives a value 
for the Bloch wall coefficient A which is proportional 
to w,"". 
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In the present case the null eigenvector u°, though no 
longer having all its components equal as in the approx- 
imation of Sec. III, can be shown from (8) to be of the 
form (11°) jnt=+a(o,),;, where w is the state of the mth 
band with the same wave vector as j but opposite spin, 
and a is a normalizing constant. A straightforward 
calculation, which we omit, shows that as «0 the 
vector K becomes parallel to ~,°, so that the numerator 
of (B.8) reduces to |a|?V*, where V is the number of 
uncompensated spins in the crystal. 

The result (42) of Sec. VII can be derived from (B.7) 
and (B.8) without further knowledge of how a” is 
determined. However, we can get some insight into the 
range of validity of the calculations of Sec. III by 
sketching how w,” can be calculated in principle. One of 
the most obvious ways of doing this is to expand the 
operator ® in powers of « and use perturbation theory. 
This can be done provided we take account of the fact 
that the range of values assumed by the set of suffixes 
jn-+ depends on x, since we allow only values for which 
the state of the mth band with wave vector j+« is 
empty. This fact gives rise to additional terms in the 
perturbation expression for w,”, in the form of integrals 
over a surface in wave vector space. In terms of oper- 
ators ®” and ®’ defined analogously to (10), 


coy!” = (14°, B',°)— SX | (ur, Bap”) | 2/wp? 
p>2 
+surface integrals, (B.9) 
where “,° and w,° are respectively the pth eigenvector 
and eigenvalue of ®°. Note that the unknown factor a 
cancels out of (B.8). 

It is obvious from (B.9) that electronic states which 
may be approximately described as “doubly occupied” 
have very little influence on the value of w,’’, since the 
jn-+ component of m;° is very small when j is such a state, 
while the surface integrals involve only regions of j 
space bordering the “‘singly-occupied’”’ levels. The 
electron-hole reciprocity assumed in applying the results 
of Sec. III to a metal such as Ni can be justified by 
similar reasoning. 
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A Study of Penetrating Cosmic-Ray Showers in Water* 


Grorce W. Ro.tossont 
Physics Department, University of New Mexico, Albuquerque, New Mexico 
(Received February 15, 1952) 


Penetrating showers produced locally by non-ionizing radiation were studied using counter techniques. 
The collision length in water of the non-ionizing component which is capable of producing penetrating 
showers was found to be (98+ 13) g/cm*. Comparison of this collision length with that expected from the 
geometrical cross section seems to indicate that the hydrogen nuclei in water have a rather small cross 
section for the production of penetrating showers by neutral radiation. Results obtained at two elevations 
were used to calculate the absorption length in air of the neutral penetrating shower producing component. 
The absorption length measured, (115+19) g/cm*, agrees with that obtained by others for the total pene- 


trating shower producing component. 


I. INTRODUCTION 


HE experiment described below was designed to 

measure, in water, the collision length, or mean 
free path for one nuclear collision producing a pene- 
trating shower, of that non-ionizing component of 
cosmic-rays which is capable of producing penetrating 
showers. Water was chosen as the absorbing material 
in order to compare the collision length in a hydrogenous 
material with those obtained by other investigators 
in light elements. Such a comparison may, allow some 
conclusion to be drawn about the cross section for pro- 
duction of penetrating showers in hydrogen. Pomeroy,' 
with non-ionizing primaries, and George and Jason, 
with ionizing primaries, have measured the collision 
length in paraffin, while Meyer et al.,* have measured 
the collision length of the total penetrating shower 
producing component in water. Their results, as well as 
those obtained here, may be compared with values 
found in carbon by Walker ef al.,4 and in aluminum 
by George and Jason.” The effectiveness of hydrogen 
in the production of penetrating showers has not been 
measured uniquely, although recently Vidale and 
Schein® have shown that w-mesons are produced in 
proton-proton collisions in cosmic rays. 


II, APPARATUS 


Details of the equipment are shown in Figs. 1 and 2. 
Penetrating showers produced in the small water tank 
o2 were counted by means of four trays of counter 
tubes, A, B, C, and D. The two crossed trays A and B 
were separated by six inches of lead o3, from two more 
crossed trays, C and D. A fivefold coincidence among 
the four trays was required to record a shower. At 


*This paper is based on a Ph.D. thesis submitted to the 
Graduate School of the University of New Mexico. A preliminary 
report of this work was presented at the December, 1951 meeting 
of the American Physical Society. 

t Now at Sandia Corporation, Albuquerque, New Mexico. 

1D. Pomeroy, Phys. Rev. 84, 77 (1951). 

2 E. P. George and A. C. Jason, Proc. Phys. Soc. (London) A63, 
1081 (1950). 

3 Meyer, Schwachheim, Wataghin, and Wataghin, Phys. Rev. 
76, 598 (1949). 

4 Walker, Walker, and Greisen, Phys. Rev. 80, 546 (1950). 

5M. L. Vidale and M. Schein, Phys. Rev. 84, 593 (1951). 


least one counter tube in each of the trays A, B, and D 
and at least two neighboring counter tubes in tray C 
had to be simultaneously discharged. A single particle 
inclined enough from the vertical to discharge two 
tubes in tray C would not strike tray A. 

In order to better limit the solid angle, tubes B-1 
and B-2 were connected in parallel (see Fig. 2), and 
pulses from either of the two could form coincidences 
with pulses from D-1, D-2, or D-3, also connected in 
parallel. An analogous arrangement existed for the 
other tubes in trays B and D. An examination of Fig. 2 
discloses that the solid angle subtended by this arrange- 
ment is fully covered by the anticoincidence tray E. 

In the case of trays A and C, allowed threefold coin- 
cidence combinations were selected in such a manner as 
to keep the solid angle within the limits of the anti- 
coincidence tray E. There were six threefold arrange- 
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Fic. 1. Front view of experimental arrangement. 
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Fic. 2. Side view of apparatus. 


ments; A-1 with C-1 and C-2; A-2 with C-1 and C-2; 

-2 with C-2 and C-3; A-3 with C-3 and C-4; A-3 with 
C-4 and C-5; and A-4 with C-4 and C-5. The threefold 
coincidences from trays A and C were brought into 
coincidence with the twofold coincidences from trays 
B and D to give a fivefold coincidence (A+ B+2C+D). 

The lead block o3 insured the penetrating nature of 
the shower particles, since they had to traverse six 
inches of lead. The lead also shielded the lower trays 
of tubes to prevent the registering of soft showers from 
the side. Each of the tubes in tray C was separated 
from its neighboring tubes by one-half inch of lead to 
keep knock-on electrons accompanying mesons from 
causing a background count. 

An anticoincidence counter tray E was situated 
between o2 and a large water tank o; on top 
of the equipment. An anticoincidence event, PSN = 
(A+B+2C+D—E), was interpreted as due to a 
penetrating shower produced in o2 by non-ionizing 
radiation 

In order to determine the collision length of the non- 
ionizing radiation which produces penetrating showers, 
the counting rate PSN was measured for various thick- 
nesses of o;. This method was first employed by 
Janossy and Rossi® and later by Rossi and Regener.’ 

The efficiency of the anticoincidence tray was tested 
weekly by moving counter tray B above tray E. The 
PSN rate should have been zero with tray B in this 
position. There was an auxiliary recorder which counted 

6. Janossy and B. Rossi, Proc. Roy. Soc. (London) A175, 88 


(1940) 
7 B. Rossi and V. H. Regener, Phys. Rev. 58, 837 (1940). 
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all fivefold coincidences (A+B+2C+D). The PSN 
rate was always 1 percent of the fivefold rate, within 
statistical limits, during these weekly tests. 

The counters used were large brass-walled tubes,’ 
two inches in diameter and 24 in. or 36 in. long. 


III. POSSIBLE SOURCES OF ERROR 


The experimental arrangement was designed to 
minimize errors due to poor geometry. Any line drawn 
through allowable combinations in the penetrating 
shower telescope would pass through counter tray E 
and the absorber tank o;. It would be possible for an 
ionizing particle to come in at a large angle from the 
zenith and produce a penetrating shower having a 
large angular spread which would count as a PSV. 
However, Walker’ found a very strong zenith angle 
dependence of penetrating showers (cos’@ at Echo 
Lake). Walker also found that the shower particles are 
projected in the direction of an ionizing primary with 
little spread, so that very few events of the above type 
could be recorded. 

There will be some fivefold coincidences which are 
caused by knock-on processes, in spite of the lead plates 
between the counters of tray C. It seems unlikely, 
however, that any of the anticoincidence events re- 
corded as PSN are simulated by knock-on processes, 
because the primary ray causing the knock-on event 
would have had to be non-ionizing when passing 
through tray E. 

Extensive air showers which could penetrate a3 would, 
with a high degree of certainty, also strike tray E with 
at least one particle, no matter from which direction 
they came. For a photon to trigger the apparatus, it 
would have to produce, in o2, a cascade capable of 
traversing the 170 g/cm? of lead in o3. Photons of such 
a high energy would not be expected to enter the 
equipment without being accompanied by the ionizing 
particles of an air shower. 

There was some possibility that chance coincidences 
between one of the counters in tray C and a fourfold 
coincidence A+ B+C+D would cause an appreciable 
error. Tests performed at the time of construction of 


Taste I. Anticoincidence counting rate as a function 
of absorber thickness, o;, with standard deviations. 
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Total: 298 156.5 1.90+0.11 


8 V. H. Regener, Rev. Sci. Instr. 18, 267 (1947). 
®*W. D. Walker, Phys. Rev. 77, 686 (1950). 
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the apparatus indicated that this occurrence was rare, 
accounting for less than 0.5 percent of the PSN count- 
ing rate. 


IV. EXPERIMENTAL RESULTS 


The equipment was housed in an instrument shelter 
at the High Altitude Observatory of the University of 
New Mexico Physics Department. The observatory is 
atop Capillo Peak (elevation 2770 meters) in the 
Manzano Mountains of New Mexico. 

It was expected that the counting rate with no water 
in o2 would be independent of the water level in o; and 
that this counting rate could be subtracted as a back- 
ground. Several runs were made at various absorber 
depths o1, with o.=0. The rates obtained are shown in 
the first part of Table I, along with their standard 
deviations. Since the counting rates were the same 
within the statistical accuracy, the total number of 
counts and the total time were taken to give a back- 
ground rate of (1.90+0.11) counts/hr for all values 
of a4. 

The one percent inefficiency of the anticoincidence 
tray could have necessitated a correction to the PS.V 
rate, since the fivefold rate with tray B in its normal 
position was from 7 to 24 times that of the uncorrected 
PSN rate. This would make an error of from 6 percent 
to 20 percent in the PSN rate. However, since the 
background rate (no water in o2) for PS.V contained 
very nearly the same number of counts due to the 
inefficiency as the corresponding PSV rates with o2 
full, the error almost cancels when the background is 
subtracted, leaving a maximum error of one percent. 
Since the maximum statistical accuracy was 5 percent, 
this correction was neglected. 

In order to minimize the effect of time variations in 
the radiation and in the performance of the equipment, 
the depth of the water in o; was changed daily during 
the actual experiment. Each depth was used for at 
least five different runs. The counting rates obtained 
are given in the second part of Table I. Figure 3 shows 
the data, after correction for background, on a semi- 
logarithmic scale. A least squares calculation of the 
collision length of the non-ionizing penetrating shower 
producing radiation gives 


A= (98+ 13) g/cm’. 


This result is discussed in Sec. V. 

Prior to the installation of the equipment at Capillo 
Peak, it was set up on the grounds of the University of 
New Mexico (elevation 1570 meters). While this was 
was not part of the main experiment, it allowed a com- 
parison of the counting rates obtained from identical 
arrangements at the two elevations. A calculation was 
made of the absorption length in air of the non-ionizing 
radiation which produces penetrating showers. The 
counting rate, corrected for background, with no water 
in o; was (1.41+0.28) counts/hr at 1570 meters, while 
that at Capillo Peak was (3.85+0.27) counts/hr. 
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Fic. 3. Corrected rate of anticoincidence events (PSN) per hour, 
as a function of the absorber thickness o; (g/cm*). 


Assuming an exponential decrease in counting rate with 
atmospheric depth, these rates give an absorption 
length of 

A= (115419) g/cm?. 


This value agrees with that obtained by Pomeroy! 
for non-ionizing primaries and also with the results of 
others?" for combined non-ionizing and ionizing 
primaries. 


V. DISCUSSION OF THE COLLISION LENGTH 


The collision length obtained here can be compared 
with that calculated from the geometrical cross section 
of the nucleus according to the formula A= A/No. In 
this formula the cross section o is calculated from 
r=(1.4X10-")A!. The calculated collision length is 
58 g/cm?, which makes the ratio between measured and 
calculated collision lengths 1.7. 

However, this ratio seems high when compared with 
the results of other investigators who measured the 
collision length in elements. Walker, Walker, and 
Greisen* measured the collision length of the non- 
ionizing radiation in carbon and obtained (80+7) g/cm’, 
a ratio of 1.3 with the calculated collision length. 
George and Jason’ with aluminum, Cocconi" with iron, 
and Sitte’ (among others) with lead, each obtained a 
measured collision length for the ionizing radiation 
which was from 1 to 1.3 times that calculated from the 

10 J. Tinlot, Phys. Rev. 74, 1197 (1948). 

4 'T. G. Walsh and O. Piccioni, Phys. Rev. 80, 619 (1950). 


2 ©. Cocconi, Phys. Rev. 75, 1074 (1949). 
™K. Sitte, Phys. Rev. 78, 714 (1950). 
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geometrical cross section of the respective nucleus. 
Thus, it appears that the ratio between measured and 
calculated collision lengths should vary from 1 with 
large nuclear masses to about 1.3 with the lighter 
nuclear masses. This assumes that this ratio does 
not vary strongly with the energy of the primary 
radiation and, as shown by Walker et al.,‘ that the 
collision lengths for non-ionizing and ionizing radiation 
are the same. 

In order to bring the present results into agreement 
with those quoted above, one is led to assume that the 
hydrogen nuclei in water have a very small cross sec- 
tion for the production of penetrating showers by 
non-ionizing primaries. In fact, if one assumes that 
oxygen nuclei alone are responsible for the penetrating 
showers observed in this experiment, the calculated 
collision length becomes 77 g/cm*, giving just the 
ratio of 1.3 between measured and calculated collision 
lengths. George and Jason? measured the collision 
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length as ~80g/cm?® for the ionizing primaries in 
paraffin. This result also indicates an extremely low 
cross section for hydrogen when compared with the 
result obtained by Walker* in carbon. Harding," 
working with the production of +-mesons in ice, also 
concluded that mw-mesons are produced only in the 
oxygen nuclei of ice. 

It should be pointed out that the results obtained 
here are contrary to those of Meyer ef al.,’ who measured 
the collision length of the total (ionizing as well as 
non-ionizing) radiation producing penetrating showers 
in water as (54+19) g/cm?. Pomeroy’s' results in par- 
affin are also below those of George and Jason. 

The author wishes to thank Dr. V. H. Regener, at 
whose suggestion this work was undertaken, for his 
generous aid and encouragement. A portion of the 
expense of building the equipment was borne by a 
grant from the Research Corporation of New York. 
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Possibilities of Heavy Ion Bombardment in Nuclear Studies* 


G. Breit, M. H. Hutt, Jr., anp R. L. GLucKsSTERN 
Yale University, New Haven, Connecticut 
(Received March 21, 1952) 


Bombardment of nuclei by multiply charged ions of medium atomic weight such as C” or O" is considered 
as a possible means of studying nuclear structure. Estimates are made regarding the approximate magnitude 
of: (a) distortion effects in target nuclei produced by the incident particles, (b) consequences of the distor- 
tion such as effects on thresholds of reactions having their origin in Coulomb barriers, (c) stimulation to 
fission, (d) effects characteristic of the leakage of neutrons and protons out of the two colliding nuclei by 
wave-mechanical penetration of the regions of negative kinetic energy; an exploration of these effects should 
amount to a study of the halo of neutrons and protons surrounding the more compact nuclear interior and 
might be helpful in determining the number of nuclear particles at the nuclear surface having a given energy. 
The treatment is qualitative and the mathematical discussion involves many approximations. General de- 
sign characteristics of a 60-inch cyclotron that should be capable of imparting the necessary energy to 


multiply charged ions are considered. 


I. INTRODUCTION 


N the early development of nuclear physics it was 

important to bombard nuclei with charged particles 
under conditions which would insure the penetration 
of the Coulomb barrier. The limited energies available 
and technical difficulties with ion sources made it de- 
sirable, therefore, to choose relatively light particles as 
the bombarding projectiles, minimizing the loss of 
useful energy in recoil action and simplifying inter- 
pretation of the elementary processes involved.' In- 
strumentation for work along lines of “classical” nu- 
clear physics has developed, therefore, along lines 
especially suitable for the acceleration of protons, 
deuterons, and alpha-particles. The interpretation of 
experiments performed by these means often involves 


* Assisted by the joint program of the ONR and AEC. 
1G. Breit, Phys. Rev. 34, 817 (1929). 





a large amount of mathematical work on account of the 
necessity of taking into account the wave-mechanical 
nature of the initial collision process. 

We have investigated the possibility of obtaining 
information regarding nuclear structure by bombarding 
nuclei with much heavier projectiles. In this case the 
wave-mechanical features of collision processes are 
considerably less important, and one may hope that the 
interpretation of most experiments could be made by 
considering the approach stage of the process by means 
of classical mechanics. Of course, quantum mechanics 
still will have to be used, but its application can be 
expected to be primarily concerned with questions of 
the structure of nuclei themselves rather than with 
the phenomena of the diffraction of waves representing 
the relative motion of the two colliding parts. The 
study of the possibilities of obtaining new information 
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by means of heavy ion bombardment was made about 
two years ago. Since then some of the phases discussed 
have been touched on in the literature? and it appears 
advisable to publish the considerations in an abridged 
form, in the hope that the possibilities of gaining knowl- 
edge regarding nuclear constitution by means of heavy 
ion bombardment will be more critically examined. 

The possibility of forming transuranic elements by 
heavy ion bombardment has been demonstrated at 
Berkeley in experiments with ions of C”. It is only 
natural to expect that in this new field of work different 
methods of bombardment will show advantages for 
different purposes. From the point of view of barrier 
penetration one would expect sextuply charged C” ions 
to be about as effective as doubly charged Het ions. 
The new elements berkelium (97) and californium (98) 
have been formed by He* bombardment according to 
published work.’ A heavier projectile can be expected 
to have the advantage of not having to come quite so 
close to the bombarded nucleus because its radius is 
greater so that its center may be farther while surface 
contact is made. This advantage is partly offset by the 
fact that a greater fraction of the energy goes into 
kinetic energy of the motion of the center of mass. 
Thus in the bombardment of U™* the factors contrib- 
uted to the reciprocals of required energies by the in- 
crease in radius from Het* to C® to O'* are, respectively, 
1.089 and 1.118 on the basis of the A! approximation 
to nuclear radii. The reduced mass factors for the same 
quantity are 0.968, 0.952. The net gain is 1.054 for C” 
and 1.064 for O'*. A serious disadvantage of the use of 
heavy ions is the difficulty in obtaining highly charged 
heavy ions in large quantities. But sextuply charged 
ions of C are known to exist in cyclotrons and have 
been successfully used. It can be expected that im- 
proved methods will be found. 

From the viewpoint of energy available for a reaction 
at the instant of contact between the surface of the 
projectile and the target, the advantage is with the 
single alpha-particle because of the binding of alpha- 
particles to each other within C” or O'*. This energy 
is 7 Mev for C® and 14 Mev for O"*. Per alpha-particle, 
however, the energy is only about 3 Mev. After the 
projectile has partially penetrated the target, this energy 
is not very significant since the energy available for 
a-emission is often greater than 3 Mev. 

At this point the small binding energy per nucleon 
in a heavy nucleus becomes a disadvantage, since it 
must be energetically unfavorable in many cases for 
the alpha-particles to leave the relatively tight binding 
arrangements which they have either in C” or O". 
The bombardment does not have to be made exclusively 
with nuclei consisting of an integral number of alpha- 
particles however. By employing such projectiles as 


2 Norman F. Ramsey, Phys. Rev. 83, 659 (1951). 

3 Thompson, Ghiorso, and Seaborg, Phys. Rev. 80, 781 (1950) ; 
Thompson, Street, Ghiorso, and Seaborg, Phys. Rev. 80, 790 
(1950). 
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B" or C® one can have a lower binding energy per 
nucleon in the projectile than in the target and the 
binding energy per nucleon may possibly be lower in 
the projectile than in the end product. There is besides 
some of the kinetic energy supplied by the accelerating 
device to draw on. It may be expected, therefore, that 
the formation of new elements can be effectively studied 
by this means. A special advantage is the much larger 
jump in the atomic number Z which becomes possible 
in a single reaction. The possibility of moving up into 
so far unexplored regions of the periodic table appears 
worth mention. Research along these lines might lead 
to discoveries of new fissionable elements, and it is 
likely to result in an improved understanding of the 
structure of nuclei of transuranic elements. It should 
give more information concerning the role played by 
stable shells and it should provide additional tests of 
the liquid drop model of nuclear structure. There are 
other related fields such as the chemistry of transuranic 
elements, 8-decay, internal conversion of y-rays with 
especially large relativistic effects, additional informa- 
tion on nuclear spins, magnetic moments, and possibly 
electric quadrupole and octupole moments. 

There are furthermore some features of the initial 
reaction which takes place which appear to deserve 
attention on their own merits. These are discussed 
below under the headings of: Distortion Effects in 
Heavy Nuclei, Distortion Effects in Light Nuclei, 
Neutron and Proton Penetration Effects, Meson 
Penetration. 


II. DISTORTION EFFECTS IN HEAVY NUCLEI 


For purposes of orientation the distortion of a heavy 
nucleus caused by a charge of Ze will be estimated by 
means of the liquid drop model. The effect under im- 
mediate consideration is that of the distortion which 
has been held responsible by Bohr and Wheeler‘ for 
the initial stage of the fission process. The distortion 
will be first assumed to be of the form 


6r(8) = [apt+a2P2(cos6) ], (ap—a,*/5), (1) 


where r is the distance of a point of the nucleus from 
the center, @ is the angle made by r with the line of 
collision, and P2(x)=(3x°—1)/2 is the Legendre co- 
efficient of order 2. The reason for considering this 
type of distortion first is its connection with fission. 

For a point located along line of collision at distance 
a from center of bombarded nucleus the mutual po- 
tential energy between Ze and the distorted charge 
Z’e is the average over 6 and r of 


§{ZZ'e/[ r+ a?—2ar cos6}}, (2) 


where 6 represents the change caused by the distortion. 
On the incompressible fluid model the part of the 
mutual potential energy attributable to a, is thus 


‘N. Bohr and J. A. Wheeler, Phys. Rev. 56, 426 (1939). 














TB 2 macht 


ee ec 


seen 








76 BRET, BULL, JX. 
found to be 
(3/5)(R?/a®)a2ZZ'e, (3) 


where R is the radius of the bombarded nucleus. Ac- 
cording to Bohr and Wheeler,‘ the electrostatic self 
energy of the nucleus contains an a2-dependent part, 


— (3/25)as(Z'e)?/R, (4) 


which is overcompensated by an effect of the surface 
tension so as to result in 


(3/25) gas?(Z'e)?/R, (5) 


where g is a positive number for stable nuclei. Static 
distortion corresponds to a minimum in the potential 
energy. The value of a2 for static distortion is thus 
found to be 


a= — (5/2)(R/a)*(Z/2'q). (6) 


The nuclear distortion caused by electrostatic effects is 
seen to increase with Z, the charge on the projectile. 
It is sensitive to the distance of approach a, increasing 
rapidly as a decreases and is proportional to 1/g. The 
latter quantity is a measure of approach to instability 
to fission. For the collision of O'* with U** the values 
are Z=8, a/R=1+(16/238)!=1.406. The value of ¢ 
may be formally calculated according to the considera- 
tions in the paper of Bohr and Wheeler, making use of 
the value of the surface tension constant given in their 
paper. The value thus obtained depends somewhat on 
the choice of the constant ro>==1.4X 10~-" cm and varies 
between 1.29 and 1.37 in reasonable agreement with 
Gamow and Critchfield’s book.® The value 0.17 stated 
in the paper by Bohr and Wheeler‘ is low but is likely 
to correspond more closely to the physical situation as 
will be discussed later. Employing g=0.33 one finds for 
the static value of ao, 


(@2)static= —0.24 (g=0.33). (7) 


The value of a, gives the maximum fractional change 
of the distance from the center, and the rather large 
number obtained represents a change which may have 
effects on the reaction mechanism which can be dis- 
tinguished from effects expected on the compound 
nucleus view. In the expreme case of contact when the 
bombarded nucleus is ready to separate by fission, the 
relative probabilities of different reaction products 
would have some of the characteristics of the fission 
fragments. The estimated distortion is not large enough 
to expect this phenomenon in a clear cut way but the 
approach to this condition should be accessible to 
investigation. 

The change is largely geometrical. With the numbers 
used above, it corresponds to a change in the electro- 
static self-energy of only 
(3/25)(92)?(0.510/3.3)ao?= 1570? Mev=8.8 Mev. (8) 

5G. Gamow and C. L. Critchfield, Theory of Atomic Nucleus 


and Nuclear Energy Sources (Oxford University Press, London, 
1949). . 
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It should be mentioned that the value of g used in 
this estimate corresponds to an over-all view concern- 
ing nuclei and does not take account of the occurrence 
of spontaneous fission. The latter phenomenon is a sign 
of nuclear instability, and a theory accounting for it 
may be expected to give larger distortions than those 
obtained above. The elementary model employing only 
a requires, for example, a vanishing g to make a nucleus 
barely stable. While actually the instability is con- 
nected with higher modes, the net effect is similar to 
that of a smaller g. It may be expected, therefore, that 
the static values of |a:| are in many cases appreciably 
greater than those calculated. 

The effective Coulomb barrier height is diminished 
by the addition of the amount 


— (3/25)((Z’e)?/R)qa:’, (9) 


where the value of a for the potential minimum is 
meant. For Z’=92, Z=8 this is approximately — 158qa," 
=—2.9 Mev. Calculation on the approximate basis of 


employing a2 only gives 


— (3/4q)(R/a)*(Z*e/a). (10) 


This formula shows that the effect is sensitive to Z and 
is inversely proportional to q. It is expected, therefore, 
that electrostatic polarization effects will decrease the 
barrier height more rapidly as the charge of the bom- 
barding nucleus is increased and that the effect will be 
largest for the less stable bombarded nuclei. An experi- 
mental test of the conditions for barrier decrease when 
combined with a more complete theory should throw 
light on the features of nuclear structure connected 
with fission. 

Another estimate of the order of magnitude of the 
expected effects can be made by considering the energy 
evolved when an alpha-particle is moved across a 
diameter of the bombarded nucleus in the electric field 
of the bombarding particle. This energy is 


4ZeR/(a?— R®), (11) 


where R is the radius of the target nucleus and a is the 
distance between the centers of the bombarding and 
target nuclei. The reason for considering an alpha- 
particle is that it is a relatively stable part of the nu- 
cleus and that its displacement as a unit is more 
probable than that of other composite nuclear parts. 
The only property of the alpha-particle used here is its 
charge and the question of preservation of identity of 
the alpha-particle does not enter directly. For R=3e*, 
mc?=8.4X 10- cm the energy evolved is 


(4mic2/3)Z/((a/R)?—1), (11’) 


where Ze is the charge on the bombarding particle. This 
quantity is seen to be sensitive to (a/R) and the maxi- 
mum value is reached for the smallest a. Taking a/R 
= 1+ (16/238)!= 1.406 so as to correspond to contact 
between O'® and U™8, this energy is 1.375Zmc?. For 
O" one has Z=8 and the energy is 11mc*. This amount 
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of energy corresponds to a change in electrostatic self- 
energy for a value of a obtainable from 


(3/25)a2(Z'e)?/R=11me, (12) 


which gives a2=0.19, an amount roughly equal to that 
obtained from the consideration of the mutual energy 
of a P;(cos@) type of distortion with the field of the 
charge Z. Since there are many a-particles, the mutual 
energy with the charge Ze for a P2 type of distortion is 
seen to be a relatively unfavorable criterion of the 
amount of energy available to the bombarded nucleus. 
If there should be conversion of energy by dynamic 
internal effects from one Legendre function mode of 
distortion to another then the energy change caused 
by the displacement of a small fraction of the nuclear 
charge across a nuclear diameter can give rise to energy 
changes which when expressed in terms of the self- 
energy of the mode P; correspond to very appreciable 
deformations. 

The estimates for the a-particles are seriously modi- 
fied by corrections for dynamic effects and other factors, 
as will be seen presently. 

So far all effects have been considered statically. 
They will be reduced by inertia effects. An estimate of 
the reduction for the P; mode can be made as follows. 
The incident nucleus of mass M at the turning point is 
performing approximately uniformly accelerated mo- 
tion with the acceleration 


ZZ'e/ Ma’. (13) 
The time required to cover a distance Aa is then 
t=[2Ma’Aa/ZZ'e" }}. (14) 


The potential energy of the P2 mode for U** according 
to Bohr-Wheeler* is 
V = (3/25)((Z’e)*/R)az*q, (15) 


where g=0.17. The kinetic energy is approximately 


(3M'/20)R?(das/dt)?. (16) 
The angular frequency is therefore 
w=[(4q/5M’)((Z’e)*/R®) }} (17) 
and 
wl =[(8/5)q(MZ'/M'Z)(e/Rmc*) 
X (Aa/e?/me*) }¥(a/R). (18) 


For g=0.17, M=16, M’=238, a/R=1+(16/238)}!, 
R=3.3e/mc this formula reduces to 


wt0.35(Aa/e/mce*)}. (19) 


The value g=0.17 rather than 0.33 is used here so as 
to take partial account of the smaller stability of nuclei 
indicated by spontaneous fission. It would have been 
more consistent to use the same g everywhere, but the 
whole effect amounts to a factor 2 only while the smaller 
effective mass and higher frequency of other modes will 
give smaller dynamic effects. The time involved is 
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approximately doubled on account of the return path. 
It will also be effectively somewhat longer because the 
acceleration decreases as the distance increases. Since 
@=1.4X3.3e/me=4.6E/mc*, it appears fair to use 
Aa=2e/me leading to 2wt=0.35(2v2)= 1.00. The dis- 
tortion attained at the end of the period 2/¢ can be 
expected to be of the order 1—cos(2w/) of the static 
value, i.e., about 0.47 of the static value. The potential 
barrier may be expected to be reduced by only 0.47 X 2.9 
Mev=1.4 Mev according to this estimate. It should 
be pointed out that for small values of wt the dynamic 
correction makes the whole effect independent of gq, 
because to a first approximation the dynamic correc- 
tion factor is (wt)?/2 which is proportional to qg while 
the static effect contains the factor 1/q. It is unlikely, 
however, that the distortion of the whole nucleus can 
follow the liquid drop model so closely as to make this 
result more than formally right. Deviations of the 
order of the whole shift can be expected as a result of 
differences in the structure of bombarded nuclei. Such 
differences would be detectable as irregularities in the 
variation of barrier height with mass number which 
would not correlate with irregularities of corresponding 
curves for alpha-emission and bombardment by lighter 
projectiles. The assumptions made above are admittedly 
crude and the only object of the estimates is that of 
drawing attention to the possibility that such effects 
may be detectable. 

An alpha-particle inside a big nucleus moves through 
the distance 
4(2Zé20)/M.(a+xR) 


=2(a/(a+xR))?(M/M,)(Aa/Z') (20) 


during the approach time ¢. Here —1<x< 1 and changes 
in the number x correspond to varying the position of 
the alpha-particle in the nucleus. For uranium bom- 
barded by oxygen and Aa=2e’/mc* this formula gives 
for the distance traveled by the alpha-particle the 
values (0.23, 0.37, 8.3)(e?/me?) for x= (1, 0, —1) includ- 
ing the time taken for recession of the oxygen nucleus. 
The last of these numbers corresponds to an alpha- 
particle located in the most favorable position and is 
an overestimate because the distance from the bombard- 
ing oxygen changes rapidly while the alpha-particle is 
moving. Correcting for this fact one obtains a much 
smaller value for the third number. The numbers 
(0.23, 0.37)e/mc? correspond to a2:~0.1, in general 
agreement with the estimate made on the liquid drop 
model. The effects on parts of a nucleus are seen to be 
of the same order as the general a» distortion and can 
combine with it. The result can be expected to depend 
on details of nuclear structure. It appears justifiable 
to conclude that there is likelihood of appreciable dis- 
tortion of a heavy nucleus such as U™* when it is bom- 
barded by O'*. The effects of distortion can be ex- 
pected to be: 

(a) A change in relative intensities of reaction prod- 
ucts and ejected particle groups corresponding to levels 
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of the residual nucleus in comparison with bombard- 
ment by projectiles having a small Z. 

(b) Some modes of excitation which can be produced 
by the influence of the electric field in the approach 
stage should be capable of excitation independently of 
the charge of the projectile provided the energy avail- 
able in the transfer process is sufficient. This energy 
decreases with the charge Z and it is not intended to 
claim that for low Z such effects will occur. 

(c) It appears possible that fission into fragments of 
roughly equal size might become stimulated by such 
bombardment. Once contact between projectile and 
target has been established nuclear forces will cause 
additional polarization and distortion effects. 

(d) A change in the Coulomb barrier. Such a change 
should show itself in the effective thresholds of reac- 
tions. For large masses leakage through the barrier is 
a relatively small effect and to a good approximation an 
exoergic reaction may be considered to have a threshold 
at an energy just sufficient to overcome the Coulomb 
barrier. 

A study of the barrier thresholds may be expected 
to be of value also in connection with theories pre- 
dicting certain nuclear radii, shell structure, quadrupole 


moments, etc. 
Ill. DISTORTION EFFECTS IN LIGHT NUCLEI 


The order of magnitude of expected effects can be 
seen by considering the collision of two oxygen nuclei 
with each other. The difference in potential energy of 
an alpha-particle at opposite ends of a nuclear diameter 
is in the notation of the preceding section 


8V =32(e/R)/((a/R)*—1). (21) 


Taking R= 1.5X (16)? 10-8 cm=3.78X 10-8 cm= 1.34 
X (3)e/me*, 

5V =23.8mc?/((a/R)?—1). (21’) 
For contact a=2R and 


6V =7.9mc?=4.0(5) Mev. (21”) 


The binding energy of an alpha-particle in O"*, for dis- 
sociation into C®+ He’, is 7.2 Mev and is greater than 
5V. The binding energy of the last neutron in O" is 
about 4 Mev. Binding energies of this order are not 
uncommon for the last proton or neutron. A transfer 
of the whole energy from the displacement of an in- 
ternal alpha-particle to a proton or neutron would re- 
sult in ionization in some cases. Occasional strong 
polarization effects may be expected, therefore, on a 
purely static basis. 

Since the charge-mass ratio is the same for the alpha 
particle as for the oxygen nucleus one expects the 
velocities acquired by the internal alpha-particle and 
by the bombarding O'* nucleus to be comparable.* The 

6 If the charge of the bombarded nucleus is Z’e, the acceleration 


of the bombarding nucleus is ZZ’e*/M’a?, where Ze and M are 
the charge and mass of the projectile. The acceleration of the 
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distance traveled by the alpha-particle will be de- 
creased by the binding and the effect cannot be ex- 
pected to be as large as above estimates seem to in- 
dicate. Nevertheless, the dynamic effects are not ex- 
pected to decrease the effect considered in a profound 
manner. 

In light nuclei as well as in heavy ones the direct 
transfer of one or two protons from one part of a 
nucleus to another is also of possible importance, 
especially in cases of loose binding. 


IV. NEUTRON AND PROTON PENETRATION EFFECTS 


The penetration effects to be discussed in this sec- 
tion are closely related to the Oppenheimer-Phillips’ 
process. Even when the nuclei are not in direct contact 
a neutron or a proton can be expected to be able to 
change partners. 

In this connection it is especially interesting to con- 
sider nuclei with a low binding energy of the last neu- 
tron or proton. The wave function of a neutron in the 
region outside the nucleus; i.e., outside the region 
within which it is acted on by other nuclear particles 
contains the factor 

” Seiad 

where 

a= (2| E| /mc?)*/(h(M,m)ic]. (22) 
Here E is the binding energy of the neutron, M, is its 
mass, and m is the electronic mass. The length 
h/(M,m)'c=9.0X10-" cm. In the distance 1/a the 
chance of finding a neutron per unit distance from 
center decreases by (1/2.718)?=1/7.4. The chance of 
the neutron being farther than this distance from the 
nuclear surface is 13 percent, a non-negligible amount. 
For Be’, | E| =3.3me and 1/a=3.5X 10-® cm= 1.25e/ 
mc. For O', |E|=8.1mce? and 1/a=2.2X10-" cm 
=(.8e?/mc*. For reactions which depend only on con- 
tact of the bombarded nucleus with a neutron from the 
incident projectile, the effective Coulomb barrier may 
be considered for this reason as being lower by roughly 
25 percent in the bombardment of heavy nuclei. It will 
be noted that: 

(a) On account of neutron penetration effects the 
Coulomb barrier threshold may be expected to become 
diffuse. The influence of the Coulomb barrier is much 
more pronounced than the relatively mild exponential 
decrease associated with neutron penetration. 

(b) The energy dependence of the reaction, when 
analyzed in terms of the expected and calculable 
Coulomb barrier penetration effect, should give an 
indication of the presence of a milder low energy cutoff 
when the reaction may be caused by contact with a 
neutron of the bombarded nucleus. The energy de- 


alpha-particle is 2Ze?/M,a*, where Mg is the mass of the alpha- 
particle. The ratio of the two accelerations is (Z’/M)/(2/Mzq). In 
cases under discussion Z’Z and the accelerations are compar- 
able, therefore 

7 J. R. Oppenheimer and M. Phillips, Phys. Rev. 48, 500 (1935). 
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pendence of the reaction may thus become an indicator 
of the reaction’s origin. 

(c) By performing experiments capable of detecting 
small collision cross sections one can extend the region 
within which the reaction is detectable considerably 
below the threshold which would be estimated from 
Coulomb barrier considerations. If by increasing the 
sensitivity of the experiment the Coulomb barrier re- 
quirement is decreased by the factor 1/1.25, then in- 
creasing the sensitivity by a factor 7.4*= 400 the energy 
requirements are decreased by the factor (1/1.25)*= 1/2. 
Sensitive measuring methods may be expected to in- 
crease the variety of reactions beyond the limits attain- 
able on the basis of barrier estimates and could do part 
of what otherwise would have to be accomplished by 
the more expensive method of building bigger ma- 
chinery. 

(d) In reactions which have been studied so far 
there is seldom a possibility of investigating the diffuse- 
ness of the nuclear boundary. The reason is that 
a-particles, protons, and neutrons are themselves very 
compact structures. In the deuteron the Oppenheimer- 
Phillips process does indeed give evidence of the neu- 
tron halo. The theory cannot be made very clear cut, 
however, because the ratio of the masses of the deu- 
teron and neutron is only 2 so that a definite separation 
into classical and quantum mechanical components is 
impossible. 

Protons should also show penetration phenomena 
under suitable conditions. These are harder to satisfy 
than for neutrons. The leakage of a proton out of a 
light nucleus with Z~8 is not very different from that 
of a neutron, the Coulomb barrier being approximately 
3mc*?. The entrance of the proton into a nucleus such 
as U is seriously affected, however, by a potential barrier 
of ~30mc*. Special resonance conditions are needed to 
make the penetration into the heavier nucleus effective. 
For lighter target elements, however, the penetration 
effects become appreciable. They offer possibilities of 
enriching the knowledge of nuclear reactions and 
structure. 

Penetration of particles through regions of negative 
kinetic energy can be expected to be affected by nu- 
clear shell structure. Thus, for example, there is evi- 
dence in Schmidt’s suggestion concerning nuclear mag- 
netic moments* that an odd neutron or proton is 
mainly outside the completed shells. The penetration 
of such a particle through the region of negative kinetic 
energy outside the nucleus should take place more 
easily as a result of such a favorable geometrical ar- 
rangement. The contributions to the neutron atmos- 
phere arising from different shells may be expected to 
act in different ways for different reactions. 


V. MESON PENETRATION 


The present section is written with much reservation, 
in the spirit of speculative consideration of a possibility 


~ 8, Schmidt, Z. Physik 106, 358 (1937). 
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which is hard to exclude and without emphasis on its 
probability. Since -mesons are lighter than neutrons 
or protons they should penetrate regions of negative 
kinetic energy more readily than either of the nucleons, 
presupposing equal energy differences. In a light nu- 
cleus the energy needed to make the emission of a 
m-meson possible is of the order of the meson mass 
energy and the penetration distance is of the order of 
the range of nuclear forces. In this case there is no 
clear way of differentiating between meson and nucleon 
penetration. For heavy nuclei, however, one is in a 
region of instability towards disintegration by fission. 
The fission process liberates an energy of ~200 Mev 
which is in excess of the meson rest mass. There exist, 
therefore, states for which the energy is nearly the 
initial one and for which the kinetic energy of a z- 
meson is positive or only slightly negative. It is possible 
that the chance of formation of such states is too small 
for them to be of practical importance. An estimate of 
this chance depends on the relative importance of 
binding of mesons to individual nucleons as compared 
with binding to the nucleus originating in the co- 
operative action of many nucleons. If the latter is im- 
portant then one may expect the states with a free 
meson to participate in the reactions and the escape of 
mesons out of the heavy nucleus to be a factor also. 
The whole question is intimately connected with the 
relative importance of two-body in comparison with 
many-body forces and the allied distinctions between 
weak-coupling and strong-coupling meson theories. 

Avoiding mathematical complexities the difference 
between the points of view which could be distinguished 
by such experiments can be somewhat crudely de- 
scribed in the following manner. Two extreme and 
oversimplified pictures of the role played by mesons in 
a heavy nucleus are: (a) The mesons are permanently 
attached to one or another nucleon. Their participation 
in the mechanism of nuclear binding does not change 
appreciably the density of virtual mesons around an 
individual nucleon. The exchange of mesons between 
a pair of nucleons is not appreciably affected by the 
presence of other nucleons. (b) The virtual mesons form 
essentially an envelope or cement around a large group 
of nucleons. The density of virtual mesons in a par- 
ticular location has no simple relation to that expected 
for any one nucleon. A given meson can have an appre- 
ciable energy exchange with a whole group of nucleons 
at once. 

From a theoretical viewpoint these questions are 
difficult and full of speculation. An experimental result 
containing an indication concerning the actual state of 
things would be welcome. 


VI. APPROXIMATE DESIGN CHARACTERISTICS OF 


EQUIPMENT SUITABLE FOR THE SUGGESTED 
INVESTIGATIONS 


There are good possibilities of obtaining the neces- 
sary energies by accelerating ions in a cyclotron and 
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Taste I. Values of maximum energy in Mev obtainable 
with ICé gouss= 15, Din. = 60. 


M=1 2 4 12 16 


24.78 12.34 aie. 3 
49.4 123 
278 


4.11 
16.4 
37.0 
66 

103 


49.46 


there are some possibilities of attaining the same end 
by means of Van de Graaff electrostatic machines. In 
the following discussion, estimates of the energies 
attainable by the cyclotron method are made and 
requirements for producing intimate contact between 
nuclear surfaces are indicated. 


Notation 


D= diameter of pole piece, 
Dj,,.= diameter of pole piece in inches, 
p=radius of particle orbit, 
Z* = charge carried by ion in units of the positron 
charge, 
HK gauss = Magnetic field in gauss, 
He eauss= Magnetic field in kilogauss, 
f=frequency of revolution of particle in orbit- 
frequency of alternating accelerating field, 
{Me /sec= f measured in megacycles/sec, 
M =mass of ion on nuclear scale, 
Emey=energy of ion on emergence measured in 
Mev, 
Z=atomic number of bombarding nucleus, 
Z'=atomic number of bombarded nucleus, 
A=mass number of bombarded nucleus. 


It is assumed below that 
D=2.26p. 
The following approximate relations hold: 
fMc/secDin. = 196.(6)(Emev/M)!, 
Ie gauss in, = 128.1(M Emev)*/Z*, 
I ic/sec= 1.5350, gauseZ*/M. 


(25) 
(26) 


For Diy. = 60, Ry gauss= 15 Eq. (3) gives the maximum 
Tas_e II. Values of frequency in megacycles per second 
corresponding to operation at maximum energy. 


M=1 2 4 12 





23.02) 115 58 ‘ 
11.5 
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energy as 

Eney=49.3(6)Z"/M, (25’) 
so that the energies obtainable are as in Table I. 

The frequencies which correspond to this operation 
are given in Table II. It is seen from this table that the 
frequency required in the acceleration of heavy ions to 
the energies listed in Table I are lower than those re- 
quired for protons. Since beyond M=1 there are no 
nuclei with Z/M>2, the frequency does not exceed 
that required in the acceleration of deuterons. The 
values Z*=5, 6 would be used only infrequently and it 
is seen, therefore, that the frequencies required are 
very moderate. The technical difficulty of obtaining 
the dee voltage required for good focusing is reduced 
and reliable operation may be expected. In Tables I 
and II only bombarding nuclei of masses 1, 2, and 
multiples of 4 are considered. 

The values of the maximum attainable energy may 
be compared with the Coulomb barrier height B and 
the energy Eg which must be given to the bombarding 
particle in order that the kinetic energy available in 
the center-of-mass system be equal to B. In the ab- 
sence of distortion and polarization effects the two 


TABLE JII. Values of barrier height B and of threshold 
energy Eg for bombardment by C®. 


Bombarded 
nucleus cr Ne* Hg2o = [288 


115 20. 4 4 56 62 
18.3 5 44 6 65 


Sni20 


B (Mev) 
Ep (Mev) 





nuclei may be expected to come in contact for E= Ep. 
Values of B and Ez for bombardment by C® are listed 
in Table III. In the calculation of numbers for Table 
III the radius of a nucleus with mass number A was 
assumed to be 1.5X10~"A! cm. On this basis 


B=0.96[2Z'/(M!+ A!) ] Mev, 
Es=[(M+A)/A JB. 


Comparison of Table I with Table III shows that con- 
tact of the nuclear surface can be expected to be estab- 
lished for Z*=4 even for Z’=92. By increasing Z* 
one increases E quadratically while according to Eq. 
(5) B increases with Z only linearly. For Z*=6 one 
can expect contact with U** for bombardment with F’. 

It has been attempted above to cover in outline some 
of the more obvious subjects which suitable equipment 
would make it possible to investigate. As is usual in 
new fields the most important may have remained 
unthought of. It is hoped, however, that the essentially 
exploratory character of this field of work has been 
brought out. 

The writers are indebted to Drs. R. M. Thaler and 
J. S. McHale for fruitful discussion. 


(27) 
(28) 
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When lithium is bombarded by 350-Mev protons, one frequently observes pairs of protons emitted in 
coincidence at approximately 90° to each other. These protons are most easily interpreted as the result of 
the scattering of the primary protons on free protons in the lithium nucleus. Assuming a model of free 
nucleons in the nucleus, it is possible to calculate the angular correlation and the intensity of this scattering 
process. The present experimental results are quite consistent with this picture, if one assumes the distri- 
bution of momentum corresponding to a Fermi gas in the nucleus. 


N the course of making measurements on proton- 

proton scattering, it has occurred to us that light 
nuclei should be sufficiently transparent to high energy 
protons to allow observation of proton-proton collisions 
within the nucleus. The ultimate goal of such an investi- 
gation would be to explore the frequentiy used model 
in which nucleons within nuclear matter act very much 
as do free nucleons, and to determine the nucleon 
momentum spectrum within nuclei. Concurrently with 
our work, an experiment with similar purposes has 
been conducted by Cladis, Hess, and Moyer.! 

One salient characteristic feature of the scattering 
of two bodies of equal mass is the fact that they escape 
at 90° in the laboratory system and it was decided to 
observe this aspect of the collision. 

In order to study this phenomenon more closely, we 
have used a lithium target in the apparatus used 
previously for proton-proton scattering.? Our experi- 
mental arrangement is virtually identical to that shown 
in Fig. 1 of reference 2, with counters A and B in a 
horizontal plane containing the beam. We use only the 
laboratory coordinate system, in which counter A is at 


RESOLUTION 
CURVE 


COINCIDENCE COUNTS PER UNIT BEAM 


-30 -20° -i0 
ANGLE w IN DEGREES 


40 


Fic. 1. Coincidence counting rate vs the deviation from 90° of 
the angle between the two counters, when one counter is held 
fixed at 45°. 


' Cladis, Hess, and Moyer, Phys. Rev. (to be published). 
? Chamberlain, Segré, and Wiegand, Phys. Rev. 83, 923 (1951). 
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angle ® from the beam, and counter B is at angle 0 
from the beam on the opposite side. 

In typical observations, detector A was kept at a 
fixed angle while the coincidence counting rate was 
measured as a function of the angle © of counter B. 
In all cases the coincidence rates were carefully extrapo- 
lated to zero beam intensity to eliminate accidental 
coincidence counts. Typical solid angles subtended by 
the counters at the target were about 0.05 steradian. 
The lithium target had a thickness of 0.46 g cm~*. The 
integration method was the same as that described in 
reference 2. 

The curves shown in Figs. 1 and 2 represent the rate 
of coincidences as a function of the angle of one of the 
counters, the other counter being held fixed at 45° and 
30° in the respective cases. In both cases the two 
counters and the beam were in a common plane at all 
times. The abscissa used in the figures is the deviation 
of the angle between the two counters from 90°. The 
resolution curves shown in the figures are those calcu- 
lated from the sizes of the stilbene counters. These 
shapes have been checked in detail using free p-p 
scattering. 

Similar curves have been obtained by moving counter 
B vertically, out of the plane defined by the beam and 


@+30° 
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Fic. 2. Coincidence counting rate vs the deviation from 90° of 
the angle between the two counters, when one counter is held 
fixed at 30°. 
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ANGLE w IN DEGREES 
Fic. 3. Calculated coincidence counting rate vs y for the 
hypothetical nucleus in which all protons have 20-Mev kinetic 
energy. The counter at angle # is assumed held fixed at the angle 
indicated 


counter A. These have been used to perform an integra- 
tion of the coincidence counting rate over all positions 
of counter B, to obtain the differential cross section for 
this effect in the direction of counter A. The result is 
(3944) X 10-2? cm?/steradian per lithium atom at 30° 
(cross section and angle in the laboratory system). 

The simplest analysis of the results shown in Figs. 1 
and 2 can be made on the assumption that we deal with 
p-p scattering of the impinging proton by an individual 
proton in the lithium nucleus. After the collision, the 
two protons escape without suffering any other collision ; 
otherwise they would not be detected by the counter 
arrangement used. The protons in the lithium nucleus, 
however, are not at rest and in applying the conserva- 
tion of energy and momentum to the system we shall 
take into account, by some admittedly crude assump- 
tions, the internal motion of the protons and their 
binding energy. The momentum distribution in the 
lithium nucleus is assumed to be that of a Fermi gas 
with a maximum kinetic energy of about 20 Mev. 

Let us call P and p the momenta of the impinging 
proton and of the colliding proton in the lithium nucleus 
before the collisions, P’ and p’ are the momenta after 
the collision. We have then separate conservation of 
momentum for the two colliding protons (lab. system). 


P+p=P’+p’. (1) 
The conservation of energy can be expressed by saying 
that 

Ep=Ep +Ey+B+Ene', (2) 

where B is the binding energy of the proton in Li’ (10 

Mev) plus the excitation energy left in the He® atom 

after the collision, which we estimate for the sake of 

argument to be 5 Mev. The £’s are kinetic energies in 
the laboratory system. 

In the simplest case in which all the four momenta 
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are coplanar (corresponding experimentally to Figs. 1 
and 2), Eqs. (1) and (2) can be combined, and give 


2p’P’ cos(O+)= (1+ A!) p?+2Pp cosa+2mB, (3) 


where a is the angle between p and the impinging 
proton momentum, and m is the mass of the proton. 
A is the atomic mass number of the residual nucleus; 
in this case A=6. For Ep=345 Mev, E,=20 Mev, 
B=15 Mev and p’P’/m~330 Mev and @=45°, Eq. 
(3) gives 

cos(0+@) =0.115+0.51 cosa. (4) 


E, has been chosen on the basis of the free particle 
model for the lithium nucleus and represents a plausible 
average value of /. 

We call y the departure of 0+ from 90°. 


y=O0+6-4r. 


(y=0 is the value that would obtain nonrelativistically 
for p and B equal zero.) Equation (4) gives 


—siny=0.115+0.51 cosa. 


The number of protons having a in a given interval 
da is given by Nada=(1/27)da; they give rise to a 
distribution in y: 


Ny=(1/m)(cosy)(0.25—0.23 siny—sin*y)-?, 


for the case = 45°. In developing this formula we take 
into account that p-p scattering is spherically sym- 
metric and that the influence of relative velocity on the 
probability of collision is negligible. This distribution 
in y is plotted in Fig. 3, for p?/2m=20 Mev for the 
given case =45° as well as for the case 6=30°. If 
we vary , the distribution changes, becoming narrower 
as p is decreased (and shifting slightly toward larger 
values of ¥), approaching a delta-function around 
y=—2.6° for p=0 if B=15 Mev. The number of 
protons with a value of # in an interval dp and moving 
in the plane of P and P’ is proportional to pdf, and if 
we perform the integral /j?™=Vy(p)pdp we obtain a 
function of y which is not too different from a triangle 
having a maximum at y=—2.6° and a base of 62° 
extending from y= —39° to 23° (for the case b=45°). 

Actually this consideration is not relativistic and we 
can take relativity into account approximately by 
shifting our calculated curves in such a way that they 
have a maximum at y=—8° and not at y=—2.6°, 
—5.6° being the relativistic value of y that would 
obtain in free p-p scattering. 

It is noteworthy that the spread in y observed agrees 
with the one corresponding to a maximum kinetic 
energy of nucleons within the nucleus of approximately 
20 Mev. Furthermore, there is approximately the 
expected shift of the maximum and the expected 
increased spread as ® is changed from 45° to 30°. 

We can also compare the free p-p differential scat- 
tering cross section with the differential cross section 
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obtained by integrating over all directions of the second 
counter. At = 30°, the free p-p cross section (labora- 
tory system) is 13.2X10-*? cm?/sterad. Three times 
this cross section is 39.6 10-*? cm?/sterad. This com- 
pares remarkably well with the cross section (39+4) 
X 10~*? cm?/sterad obtained from lithium. It should be 
mentioned, however, that the vertical spread, observed 
when counter B is moved out of the plane of P and P’, 
is about 40 percent larger than that to be expected from 
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(Figs. 1 and 2). This aspect will be investigated more 
closely in further work. 

These experiments are preliminary in nature but 
they show qualitative features which seem of interest 
to us. When improved and extended, they ought to be 
able to give direct information on the motion of the 
protons inside of the nucleus and on the transparency 
of nuclear matter for protons. 

This work was performed under the auspices of the 


the present interpretation of the horizontal spread Atomic Energy Commission. 
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Decay Times, Fluorescent Efficiencies, and Energy Storage Properties for Various 
Substances with Gamma-Ray or Alpha-Particle Excitation*} 
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The results of measurements of the decay time of light flashes induced by gamma-ray quanta, or alpha- 
particles by means of pulse distribution curves for various crystals, powders, and solutions are presented. The 
decay of organic substances can be described essentially by a single exponential; in addition, a small more 
slowly decaying portion is present. The decay of inorganic crystals can be represented by a sum of expo- 
nentials with time constants in different ranges. The results support a previous explanation of the lower 
efficiency of alpha-particles in producing fluorescence when compared to gamma-rays. 

Results on various activated inorganic crystals of integrated fluorescent light output under gamma-rays 
and peak height measurements under gamma-ray and alpha-particle bombardment are also presented. The 
relative integrated and peak height properties are not well correlated, neither are the responses to gamma- 
rays and alpha-particles. Such variations are associated with the different emission times of the crystals. It is 
found that CsBr and CsI activated with T] are excellent crystals with respect to luminescent properties 
especially when volume is a factor. The capability of these crystals to store energy to be released later as light 
by light of longer wavelengths is also indicated. Very good storage and stimulation properties are shown only 


by NaCl crystals activated with AgCl. 


I. 


HE duration of scintillation pulses when a fluores- 

cent material is excited by a single gamma-ray, 
photon, or alpha-particle has been extensively investi- 
gated. The results described in this paper are obtained 
by a method similar to that described previously.' The 
peak voltages of the pulses produced by a photomulti- 
plier tube receiving the light flashes from the fluorescent 
material were determined as a function of the resistance 
at the output of the tube. (The experimental arrange- 
ment will be described in a future publication.) For this 
purpose, pulse distribution curves were measured under 
equivalent geometrical conditions for different output 
resistors, and for each the characteristic cut-off voltage 
was determined. These cut-off voltages provide infor- 
mation on how the light given off in the flash is emitted 
as a function of time. If the light flash decays expo- 
nentially, the time constant of the decay can be de- 


* This work was supported by the Signal Corps Engineering 
Laboratories, Fort Monmouth, New Jersey. 

t In partial fulfillment of the requirements for the Ph.D. degree 
(L.B.), Graduate School, New York University 

1 Broser, Kallmann, and Reuber, Z. Natariondls 5a, 79 (1950). 


termined readily from the ratio of peak voltages for two 
different resistors.! Measurements were made on various 
single crystals, solutions, and powders using gamma-ray 
and alpha-particle radiation. The results of the relative 
pulse-height measurements are reported in Table I. 
The analysis of these measurements show that for the 
organic substances the light flash decays almost ex- 
ponentially. The time constants calculated under this 
assumption are given in Table II for various organic 
scintillators. They are average values obtained from the 
measurements with different resistors from 100K ohms 
downwards to 500 ohms and are listed only in those 
cases where the results could be closely approximated by 
a single exponential. They agree fairly well with time 
constants measured by different methods.? A closer 


2 Liebson, Bishop, and Elliot, Phys. Rev. 80, 907 (1950); A. 
Lundby, Phys. Rev. 80, 477 (1950); R. F. Post and N. S. Shiren, 
Phys. Rev. 78, 80 (1950); G. G. Kelley and M. Goodrich, Phys. 
Rev. 77, 138 (1950); Hofstadter, Liebson, and Elliot, Phys. Rev. 
78, 81 (1950); Elliot, Liebson, Meyers, and Ravilious, Rev. Sci. 
Instr. 21, 631 (1950); G. T. Kelley, Oak Ridge National Labora 
tory Report 366 (1949); G. B. Collins, Phys. Rev. 74, 1543 (1948) ; 
R. C. Sangster, Massachusetts Institute of Technology Technical 
Report No. 55 (1952). 
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TaBLeE I. Ratios of pulse voltages for various resistors with respect 
to pulse voltage at 1 megohm. 
SOOK 100K SOK 10K SK 1K 


Substance 





Alpha-particle irradiation 


Single crystals 
0.82 0.70 
0.69 0.47 
0.36 0.21 
0.59 
0.74 


0.60 
0.39 


0.94 
0.94 
0.84 
0.90 
0.94 


0.85 
0.77 
0.47 
0.67 
0.79 


Anthracene 
Naphthalene 
Calcium tungstate 
Potassium iodide co eee 
Stilbene 0.65 0.60 
Powders 


ZnS (Long 0.88 0.58 048 0.31 0.24 


ent, Ag) 
ZnS (Short 

ent, ZnCd 
ZnO 


persist- 


0.90 0.57 045 0.24 0.17 


persist- 


0.87 0.61 0.50 0.28 0.21 


Gamma-ray irradiation 


Single crystals 

0.71 
0.46 
0.26 
0.17 
0.29 
0.75 


0.59 
0.34 


0.91 
0.77 
0.50 
0.44 
0.62 
0.87 


0.98 
0.94 
0.83 
0.82 
0.89 
0.96 


0.86 
0.69 
0.39 
0.31 
0.52 
0.83 


Anthracene 
Naphthalene 
Cadmium tungstate 
Calcium tungstate 
Potassium iodide 
Stilbene 


0.23 


0.23 tee 
0.69 041 
Solutions 
P+ p.T (3)* 
V+ p.T (5)* 
Y¥+m.T (200)* 
P+p.T (3 
+) (0.015)* 
+D (0.7)* 
+D (4)* 


0.44 
0.40 
0.32 
0.40 


0.81 0.73 
0.74 0.66 
0.71 0.61 
0.82 0.73 


0.59 
0.61 
0.56 
0.69 


0.95 
0.93 
0.94 
0.97 


0.85 
0.77 
0.76 
0.85 


0.32 
0.32 


0.75 
0.71 


0.66 
0.63 


0.94 
0.95 


0.80 
0.76 


ae 
0.57 


m.T =m-Terpheny] 
X= Xylene 
* Numbers indicate grams per liter 


= Phenylcyclohexane 
p.T = p-Terphenyl 
D= Diphenylhexatriene 


study taking the peak voltage values with higher re- 
sistors into account indicates, however, that even in the 
organic substances a better fit to the experimental decay 
curve would be obtained by a pulse consisting mainly of 
a single exponential decay (about 95 percent of the 
emitted light) followed by a slowly decaying tail. The 
measurements show further that for the organic sub- 
stances the time constants are only slightly shorter for 
alpha-particle excitation than for gamma-ray excitation. 

This result together with measurements on the inte- 
grated intensity of solutions excited by both types of 
radiation offer another possibility of checking our 
previous explanation for the much smaller light pro- 
ducing efficiency with alpha-particle excitation than 
with gamma-ray excitation for equivalent amounts of 
absorbed energy. The measurements*® show that the 
parameters in the equation which describes the depend- 
ence of the light output as a function of the solute 
concentration, are only slightly different for gamma-ray ° 
and alpha-particle excitation, whereas the light output 
is one-tenth or less in the case of alpha-particles for the 
same amount of absorbed energy. These parameters 
describe essentially the period of time in which the 
energy is transferred from the solvent to the solute 


3M. Furst and H. Kallmann, Phys. Rev. 85, 816 (1952). 
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molecule and is quenched in the solute molecule. Hence, 
all these measurements show that the time constants 
involved are only slightly changed under alpha-particle 
excitation whereas the efficiency is strongly changed. 

This latter phenomenon was previously explained* by 
the assumption that the excited molecules themselves 
quench the excitation energy by “collisions” with each 
other and thus reduce the light emission. It is essential 
in this explanation that the quenching effect for emission 
by alpha-particle excitation does not stay constant but 
decreases during the quenching and emission processes 
since the concentration of excited molecules decreases 
by means of the quenching itself. Before the main part 
of the light is emitted, most of the quenching has already 
occurred. It follows that the time constants of the light 
flash produced by alpha-particles differ only slightly 
from those excited by gamma-radiation. The mechanism 
proposed by Birks‘ for crystals cannot account for time 
constants of the same order of magnitude for alpha- 
particle and gamma-ray excitation since he assumes a 
quenching agent which does not decay in the same 
degree as the excitation energy of the molecules. It is 
assumed, therefore, that the explanation given previ- 
ously gives an adequate description of the light emission 
process produced by alpha-particles. 

The measurements of pulse heights for inorganic 
powders presented in Table I show quite definitely that 
the light emission of these powders does not decay 
exponentially. Much of the light is emitted over a period 
of about one microsecond. However, if one attempts to 
represent the experimental decay curves for the inor- 
ganic crystals by a sum of exponential functions with 
different time constants, at least several time constants 
in the range below one microsecond and also some with a 


TABLE II. Average time constants of various substances.* 


Time constants 
Substance (seconds) 


Gamma-ray irradiation 
(22.8+4.8>) x 107% 
(87.5+0.5) K10-* 
(6.9+1.7) X10~° 
(5.442.3) x10~° 
(6.542.7) x10~° 
(8.8+3.0) «10~* 
(9.341.8) X10~° 


Anthracene 

Naphthalene 

Stilbene 

Phenylcyclohexane+ p-terpheny] (3 g/l) 

Xylene+ p-terpheny] (5 g/1) 

Xylene+m-terphenyl (200 g/I) 

Phenylcyclohexane+diphenylhexatriene 
(0.7 g/l) 

Phenylcyclohexane+ diphenylhexatriene 
(4 g/l) 

Phenylcyclohexane+ p-terpheny] (3 g/l) 
+diphenylhexatriene (0.015 g/l) 


(8.242.0) 107° 


(6.8+2.0) X10~* 


\lpha-particle irradiation 
(16.541.5) X10~° 
(53 +23) X10-° 
(7.242.9) X10~° 


Anthracene 
Naphthalene 
Stilbene 


* These values are lower than those reported in reference 1 since the 
previous determinations employed longer circuit time constants, which 
result in larger time constants as a consequence of the decay not being a 
single exponential. 

> Average deviations 

‘J. B. Birks, Proc. Phys. Soc. (London) A64, 874 (1951) ; Phys. 
Rev. 84, 364 (1951). 
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TABLE IIT. Fluorescent and stimulation properties of crystals.* 


Fluores 
cent in 
tensity lated in- 
compared tensity 
toanthra- byl 
cene of min 
same mass u.v.> 


Stimu 


Effective 


Crystal mass g Emitted wavelength 


Ultraviolet emission 56 
Ultraviolet emission 27 
Ultraviolet emission 
Blue-green emission 
Blue-green emission 


NaCl +AgCl 1% 6.5 
NaCl +AgCl 1% 6.5 
NaCl +AgCl 5% 5.7 
CsI+Tl #A 9.4 
CsI+TI #1 11 
CsBr+TIl 11 
KCI +AgCl >10 
KBr+TIBr §% , 
NaCl +CuCl 1% 

LiF +AgCl 


CaF! Far ultraviolet emission 





* Relative fluorescent intensities for solutions have been published previ- 
ously in reference 3. 

> After 30 seconds. 

¢ Crystal from cone portion of large crystal—Emission has a greater 
percentage in the short u.v. than sections from the top of the large crystal. 


much longer period must be assumed. If the decay were 
a simple exponential, the pulse heights should decrease 
approximately proportionally to the output resistance. 
The slow decrease in pulse height at the lower values of 
resistance, however, indicates that very short time 
constants are also present in the light emission decay 
curve of some of these substances. It may be noted that 
the zinc sulfides under alpha-particle bombardment 
show a pulse height for an output resistance of 500 ohms 
(corresponding to a time constant of 10~* second) which 
amounts to 12 percent of that of the 1 megohm resist- 


ance. This pulse height is approximately the same as 
that with an anthracene crystal with a 1 megohm output 
resistance. 


Il. 


A number of different crystals, mostly obtained from 
the Harshaw Chemical Company, have been measured 
with respect to fluorescent efficiencies and energy 
storage properties®:® under gamma-radiation. In addi- 
tion, the light flash intensities (peak heights) have been 
measured under both gamma-ray and alpha-particle 
excitations. The integrated intensity measurements 
employing a 128 photomultiplier were made essentially 
with equipment described previously in connection with 
measurements of solutions.’ The peak height measure- 
ments were made using a 1P21 photomultiplier with a 
scaler and discriminator. Some measurements have been 
previously reported on the fluorescence of similar 
crystals, e.g.,-!° but the comparison of various results 
and of storage properties have not been shown. 

The integrated intensity properties for gamma-rays 
are presented in Table III. The fluorescent intensities 
are compared to an anthracene crystal of the same mass. 

5M. Furst and H. Kallmann, Phys. Rev. 82, 964 (1951). 

6H. Kallmann and M. Furst, Phys. Rev. 83, 674 (1951). 

7H. Kallmann and M. Furst, Phys. Rev. 79, 857 (1950). 

8 Q. Glasser and I. E. Beaseley, Phys. Rev. 47, 570, 789 (1935). 

9C. E. Mandeville and H. O. Albrecht, Phys. Rev. 80, 299 


(1950). 
10 W. Van Sciver and R. Hofstadter, Phys. Rev. 84, 1062 (1951). 
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This table shows that some of the crystals have a 
noticeably greater fluorescent efficiency than an anthra- 
cene crystal. In particular, these are cesium bromide and 
cesium iodide activated with thallium, and KBr acti- 
vated with thallium bromide. These results essentially 
refer to the same amount of absorbed energy because 
this is almost proportional to the mass of absorbing 
material for hard gamma-rays. Considered from the 
point of view of equal volumes, cesium bromide and 
iodide are distinctly superior to anthracene because of 
their greater density. Since in radiation work using 
fluorescent substances the volume of crystal may be a 
limiting factor, these crystals are among the most 
effective for the measurement of weak high energy 
radiation. These crystals may also be valuable for visual 
observation since their emission spectra are partially in 
the green. 

The intensities which can be stimulated by light 
(3600A) after excitation by gamma-radiation as a conse- 
quence of stored energy are considerable only for NaCl 
crvstals activated with AgCl.5* For other substances the 
stimulated intensities are very much smaller but easily 
observable. Since only a rather small dosage of gamma- 
rays were used in these experiments (of the order of 1 
roentgen), the comparatively small amount of energy 
storage in the other crystals is only partly evident but 
some is present. Also in those cases where some storage 
is found with other crystals, the decay time of this stored 
energy is very much shorter than that of NaCl. 
NaCl+AgCl 1 percent crystals taken from different 
sections of a large crystal appear to show somewhat 
different properties. Thus crystals from the cone portion 
of the large crystal appear to have a greater percentage 
of emission in the shorter u.v. wavelengths and a greater 
fluorescence, but less storage ability. 

With organic crystals, there is usually a rather high 
correlation between the relative peak heights and the 
total (integrated) light output for various substances. 
For the crystals herein reported, such a close correlation 
occurs in only a limited number of crystals as can be 
seen by comparing Table IV with Table III. The rela- 
tive efficiencies for gamma-ray and alpha-particle are 
also not proportional for these crystals as can be seen 
from Table IV. The maximum pulse heights are cor- 
rected to a count rate of zero, and the partial destruction 
especially of organic crystals under prolonged alpha- 
excitation was taken into account in the measurements. 

The pulse-height distribution for alpha-particle ex- 
citation using a 1 megohm resistor at the output of the 
photomultiplier is shown in Fig. 1 for cesium iodide and 
potassium iodide with a photomultiplier potentials of 
1400 and 1600 volts, respectively. The cesium iodide has 
considerably greater peaks than the potassium iodide 
despite the lower voltage. At 1600 volts the CsI crystal 
would have even greater pulse heights and a more ex- 
tended plateau. Table IV and Fig. 1 show that CsI and 
also CsBr are excellent crystals for counting with alpha- 
particles and probably with other highly ionizing par- 








86 BITTMAN, FURST, 
ticles such as protons. With gamma-rays they have 
smaller peak heights than efficient organic crystals; 
nevertheless for the reasons mentioned above, especially 
CsI may be quite effective for counting with weak 
gamma-radiation. For counting NaCl is not good since 
its average peak height is small and can scarcely be 
distinguished from pulses of single photons which occur 
because of the large phosphorescence of these crystals. 
It is interesting to note that NaCl crystals activated 
with 5 percent AgCl have greater peak heights, though 
their ability to be stimulated by light after being ex- 
posed to high energy radiation is inferior to that of the 1 
percent crystals. 

The reasons for the difference between integrated 
intensities and peak heights and the relative gamma-ray 
and alpha-particle induced peak heights are associated 
with the different light emission times associated with 
these crystals. The peak heights were measured with a 
1-megohm resistor at the output of the photomultiplier 
and since the capacity at the output is about 10 mmf, 

TaBLe IV. Relative peak voltages for various substances.* 


Alpha 
particle 
irradiation 


Gamma-ray 

Substance irradiation 
Single crystals 

Anthracene 57 
Stilbene 
Naphthalene 
Potassium iodide (T]) 
Calcium tungstate 
Cadmium tungstate 
Cesium bromide (Tl) 
Potassium bromide (Tl) 
Cesium iodide (TI) 
Sodium chloride (5% AgCl) 
Sodium chloride (1% AgCl) 


25 
Noise 


Powders 


410 
340 
60 


ZnS (long persistent, Ag) 
ZnS (short persistent, ZnCd) 
ZnO 


Solutions 
Phenylcyclohexane-+ p-terphenyl 17 
(3 g/l) 
Xylene+ p-terphenyl (5 g/l) 
Xylene-+ m-terphenyl (15 g/l) 
Xylene+ m-terpheny] (200 g/1) 
Phenylcyclohexane+ p-terpheny] 
(3 g/l) +diphenylhexatriene 
(0.015 g/l) 
Phenylcyclohexane+diphenyl- 
hexatriene (0.7 g/l) 
Phenylcyclohexane+ diphenyl- 
hexatriene (4 g/l) 


17 

9 
13 
21 


14 
11 


* All measurements were made with 1700 volts at the 1P21 photo- 
multiplier. All voltages are referred to R equal to 1 megohm 

» Note added in proof: Other investigators have usually found anthracene 
to have greater peak heights than stilbene. Our integrated measurements 
(Kallmann, Furst, and Sidran, Nucleonics, September, 1952) have also 
shown anthracene to be more efficient. The special crystals under investiga 
tion definitely showed greater peak heights with stilbene for gamma-rays. 


AND KALLMANN 


6, 


CsI 0400V) 


R 


KI (1600 V) 





COUNTS PER MINUTE 


Ss 





35 


or-—_— 


20 30 Fo 
PULSE VOL TAGE 


Fic. 1. Peak height distribution for cesium iodide and potassium 
iodide crystals activated with thallium. 


the charging time of the capacity does not greatly ex- 
ceed a period of the order of 10 microseconds. Only those 
light photons which strike the photomultiplier within 
this time interval make a contribution to the maximum 
peak height. If, however, the emission time is longer 
than 10 usec, only a certain fraction of the light flash 
will be utilized to charge the capacity to its maximum 
voltage. Thus all substances with longer emission times 
give smaller peaks, though the integrated intensities 
may be equal. Thus, the small peak heights of sodium 
chloride is an indication of an extremely long emission 
time; KBr also has a rather long emission period; 
cesium bromide and cesium iodide have shorter emission 
periods. 

Preliminary measurements on the actual time con- 
stants bear out these indications of the magnitude of the 
time constant from comparison of the peak heights and 
integrated intensities. In the case of CsI and CsBr the 
emission time extends to more than 10 usec. However, 
they may still be valuable for counting heavy particles, 
especially at low counting rates. These crystals have 
peak heights smaller than those of the best available 
ZnS by a factor of 2; they have, however, the great 
advantage of being easily available in the form of large 
single transparent crystals. 

We would like to acknowledge the help of Norman E. 
Linson in obtaining some of the data. 
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The Hard Component of Cosmic Rays in the Upper Atmosphere* 


Matcoim A. CLARK 
Department of Physics and Laboratory for Nuclear Science and Engineering, 
Massachusetts Institute of Technology, Cambridge, Massachusetts 
(Received March 7, 1952) 


An experiment has been performed in the upper atmosphere to study charged cosmic-ray particles that 
penetrate 20 cm of lead. These particles were divided into two groups depending on whether or not they 
interacted on traversing the lead. The experimental equipment, which consisted of the lead absorber, 
G-M tubes in coincidence, and radio telemetering devices, was carried to high altitudes by an array of 
36 balloons. The rate of occurrence of particles in the two groups was determined as a function of atmos- 
pheric depth from 16 g-cm~ to 400 g-cm™~*. The experimental results can be interpreted in terms of high 
energy protons and y-mesons, with corrections for low energy protons and primary alpha-particles, The 


results are consistent with a primary proton intensity equal to 0.19 cm sec™! 


sterad~', an absorption length 


in air of 110 g-cm~ for high energy protons, and the u-meson production spectrum given by Sands. 





I. INTRODUCTION ‘ 


OST investigations of the development of high 

energy cosmic rays in the upper atmosphere 
have involved measurements of the altitude- and 
angular-dépendence of the hard component. Work done 
prior to 1948 has been discussed in some detail by 
Rossi.! Since that time, hard component measurements 
in the upper atmosphere have been made by Winckler 
et al.,? Pomerantz,’ Vidale and Schein,‘ and others. 

Rossi,' using the results of experiments at mountain 
altitudes, has analyzed the results of the hard compo- 
nent experiments in terms of two groups of particles: 
those which readily undergo nuclear interactions 
(chiefly protons), and those which do not readily undergo 
nuclear interactions (u-mesons). 

In order to study more directly the composition of 
the hard component at high altitudes, a balloon-borne 
experiment has been performed, in which the essential 
difference between the protons and u-mesons (i.e., 
their very different probability for nuclear interaction) 
was explicitly involved. 


Il. EXPERIMENTAL METHOD 


The detecting equipment used is shown in Fig. 1. 
A telescope consisting of G-M tubes A and B in time 
coincidence defined the passage of charged particles 
through 20 cm of lead. The AB coincidences were 
divided into two groups, (AB—C) and (AB+C), 
depending on whether or not they were accompanied 
by a discharge of one or more G-M tubes in the C tray 
which covered both sides of the lead absorber. The 
absorber was 3.5 cm wide and extended 15 cm perpen- 
dicular to the plane of the diagram. The purpose of 
this arrangement was to differentiate between particles 
which traversed the lead without interacting, and 
therefore gave rise to (AB—C) events, and particles 
which suffered nuclear interactions on traversing the 


? _ meg in part by the joint program of = ONR and AEC. 
1B. 


Rossi, Revs. Modern Phys. 20, 537 (19 
* Winckler, Stroud, and Shanley, Phys. Rev. Ys 1012 (1949). 
3M. A. Pomerantz, Phys. Rev. 75, 69 (1949). 
4M. Vidale and M. Schein, Phys. Rev. 81, 1065 (1951). 


lead, many of which gave (A B+C) events. Mu-mesons, 
of course, belong to the first group, while a large 
fraction of the high energy protons belong to the second 
group. Mu-mesons having kinetic energy greater than 
295 Mev and protons having kinetic energy greater 
than 500 Mev were able to traverse the 20 cm of lead 
in the telescope. 

The balloon-borne telemetering system is shown in 
Figs. 2 and 3. The G-M pulses were passed through 
preamplifiers and blocking oscillator pulse-forming 
circuits to a diode coincidence circuit which provided 
pulses of different magnitudes corresponding to the 
(AB—C) and (AB+C) events. A time modulator con- 
verted pulses of different magnitudes to pulses of 
different durations. These pulses were then used to 
modulate the frequency of a 70-Mc radio transmitter. 
They were received on the ground, presented on an 
oscillograph, and recorded photographically. 

Individual G-M tube counting rates were monitored 
periodically. For this purpose, a clock altered the form 
of the coincidence circuit for 40 seconds every seven 
minutes. In this way the operation of the equipment 
during a flight was checked, and the resulting data on 


Fic. 1. The detecting 
instrument. The G—M tubes 
have an active volume 2.41 
cm in diameter and 13.7 cm 
in length. The lead absorber 
is 20 cm by 3.5 cm by 15 cm. 
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Fic. 2. Block diagram of the balloon-borne telemetering system. 
single G—M tube rates were used to estimate accidental 
coincidence rates. 

Atmospheric pressure was measured by means of an 
aneroid cell and switching device,’ and temperature 
was measured by means of a thermistor located near 
the G-M tubes. The temperature and pressure data 
were transmitted to the ground over the same tele- 
metering channel used for the coincidence data, modu- 
lating pulses of opposite polarity being used for the two 
types of data. 

The complete balloon-borne equipment is shown in 
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Fig. 4. It was about six feet in height and weighed 120 
pounds. The equipment was carried to high altitudes 
by 36 Neoprene balloons.’ Ten additional balloons,’ 
filled to break at 25,000 feet, were used to lift the array 
rapidly in the lower part of the atmosphere. The flights 
were made from Lexington, Massachusetts (geomag- 
netic latitude 55 deg. N.). 


III. EXPERIMENTAL RESULTS 


Figure 5 shows an altitude-time curve for one of the 
balloon flights. Data were taken during the ascent. 
The results to be presented are based on two such 
flights, the data for the two being in agreement within 
the statistical errors. The combined results for two 
flights are given in Table I and by the experimental 
points in Figs. 6 and 7. In all cases, corrections for 
counting errors and accidental coincidences were less 
than the statistical errors in the data. 

The shapes of the curves for the two events are 
considerably different. 
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Fic. 3. Schematic diagram of the balloon-borne electronic circuits. 


5 Baroswitch, Kollsman Instrument Company. 
6 J-8-18-800 balloons, Dewey and Almy Company. 
7 J-100 balloons, Dewey and Almy Company. 
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Fic, 4. The complete balloon-borne equipment. 


Some protons and most of the u-mesons traversing 
the telescope contribute to the (AB—C) curve. It is 
likely that the (AB+C) coincidences are due primarily 
to high-energy protons. The slope of the (A B+C) curve 
corresponds to an absorption length in air of about 
110 g-cm~*. This extends our knowledge of the altitude 
variation of the intensity of high-energy protons, which 
was previously known® only for atmospheric depths 
greater than about 300 g-cm™. 


IV. ANALYSIS OF THE DATA 


We have calculated the expected (AB—C) and 
(AB+C) counting rates, making the following assump- 
tions: (a) the production spectrum for yu-mesons is 
that derived by Sands® from the results of Rossi’s 
analysis of the hard component! and from measure- 
ments of the altitude dependence of the slow u-meson 
intensity; (b) the primary cosmic-ray proton energy 








Fic. 5. Altitude-time curve for the flight of August 14, 1951. 


8 J. Tinlot, Phys. Rev. 73, 1476 (1948) ; 74, 1197 (1948). 
9M. Sands, Tech. Report No. 28, LNSE, Massachusetts Insti- 
tute of Technology (1949). 


RAYS 89 


TABLE I. The experimental results; all numbers in the body of 
the table are coincidences per hour. 





Standard 
deviation 
(AB+C) 


Standard 
deviation 
(AB-—C) 


Atmos. 
depth 
g-cm~ 


19 528 
22.5 477 
30 531 
42 496 
60 507 
80 

O4 

106 

125 

150 

185 

222 

255 

291 

325 

362 

401 


(AB+C) 
787 
624 
645 
578 


(AB-—C) 





spectrum is that given by Peters;!° (c) the absorption 
length in air of high energy protons (kinetic energy 
greater than 1000 Mev) is 110 g-cm~*;" (d) the mean 
free path for nuclear interaction of protons in the lead 
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‘1G. 6. The (AB—C) 


results. 
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ATMOSPHERIC DEPTH (GM-cm*) 





0B. Peters, Progress in Cosmic Ray Physics (Interscience 
Publishers, Inc., New York, 1951), Chapter IV. 

4 This value for the absorption length, which is a result of the 
combined effects of nuclear interactions and ionization losses, 
corresponds to an absorption length of 120 g-cm~ resulting from 
nuclear interactions alone. The absorption length which includes 
the effects of ionization losses is, of course, dependent upon the 
proton energy spectrum. The minimum energy chosen for the 
“high energy proton” group coincides approximately with the 
geomagnetic cut-off energy at the latitude where the experiment 
was performed. Thus one should not expect any “transition 
effect” for the high energy protons on account of the geomagnetic 
cutoff. However, the primary radiation does not contain neutrons 
and for this reason one may expect the absorption length for 
high energy protons near the top of the atmosphere to be some- 
what different from that observed at lower altitudes where the 
proton and neutron components are in approximate equilibrium 
with one another. No indication for this difference has been 
found in the present experiment. 
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Fic. 7. The (AB+C) 
results. 
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absorber is 168 g-cm~* (geometric). Corrections were 
made for primary alpha-particles and for low-energy 
protons (500-1000 Mev kinetic energy). Effects of the 
electronic component were negligible except for the 
case of (AB+C) events at large atmospheric depths. 
The calculated results are given by the solid lines in 
Figs. 6 and 7. To obtain a fit to the experimental data, 
we made the following additional assumptions: (e) 
interactions in the lead of low energy protons (kinetic 
energy 500-1000 Mev) were unable to produce (A B+C) 
events; (f) half the low energy protons which interacted 
in the lead were unable to cause either event; (g) 12 
percent of the interactions in the lead of high energy 
protons (kinetic energy greater than 1000 Mev) caused 
(AB—C) events; (h) 9 percent of the interactions of 
high energy protons in the lead were unable to cause 
either event. The calculations are described in some 
detail elsewhere.” In Fig. 8 are presented curves 
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Fic. 8. The (AB—C) calculated results. 
2M. A. Clark, Tech. Report No. 59, LNSE, Massachusetts 
Institute of Technology (1952). 
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showing the contributions of various groups of particles 
to the (AB—C) events, and in Fig. 9, similar curves 
for the (AB+C) events. 


V. DISCUSSION 


The calculated (AB+C) curve deviates from the 
experimental points for atmospheric depths greater 
than 225 g-cm~*. The difference is very likely due to 
the effects of air showers, which are known to be 
unimportant for atmospheric depths less than about 
200 g-cm~.8 

Figure 9 shows that (AB+C) events are due almost 
entirely to high energy protons. Thus the (AB+C) 
results confirm the assumed absorption length (110 
g-cm~) of protons in the upper atmosphere. 

Figure 8 shows that at depths near 20 g-cm~* most 
of the (AB—C) events are due to high energy protons, 
while at depths greater than 250 g-cm~ most of these 
events are due to yw-mesons. Thus the agreement 
between the computed curve and the experimental 
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Fic. 9. The (AB+C) calculated results. 


points in Fig. 6 provides some confirmation for the 
assumed dependence of meson production on depth. 
For example, our results would be in definite disagree- 
ment with the crude assumption that all mesons are 
produced at a depth of 100 g-cm~*, an assumption 
sufficient to explain most of the observations on 
u-mesons at lower altitudes. 

It is estimated that one can vary by about 20 percent 
the contributions of high energy protons and y-mesons 
to the computed counting rates before these are in 
serious disagreement with the experimentally observed 
rates. Thus, to an accuracy of about 20 percent, our 
results confirm the absolute intensity of primary protons 
as given by Peters and the absolute value for the rate 
of production of u-mesons as given by Sands. 

It is a pleasure to thank Professor Bruno Rossi for 
his help and encouragement, and Mr. Philip Zlochiver 
for his assistance with the experimental work. 


"9A. T. Biehl and H. V. Neher, Phys. Rev. 83, 1169 (1951). 
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Induced Conductivity and Light Emission in Different Luminescent Type Powders*t 
Hartmut KALLMANN AND BERNARD KRAMER 
Physics Department, New York University, New York, New York 
(Received January 14, 1952) 


The currents induced in various (Zn: Cd)S luminescent-type powders by ultraviolet radiation have been 
investigated as well as the quenching and stimulating effects due to infrared radiation. Similar experiments 
on the fluorescent emission have also been carried out. Currents induced in these powders by high energy 
particle radiation is also described. A model is proposed which contains two types of electron traps, deep 
traps and shallower traps (which are associated with the emission levels at the activator), and a coupling 
between the deep traps and the emission levels is assumed. Theoretical calculations based on this model are 
compared to the experimental results for stationary and nonstationary behavior. This comparison shows 
that in all (Zn:Cd)S powders investigated, traps exist from which so-called “direct transitions” to the 
activators occur with negligible contribution to the conductivity. These transitions may not be radiative, 
and they also occur in materials which exhibit no noticeable light-stimulation by infrared radiation. 





I. INTRODUCTION 


N the last few years an increased interest has de- 

veloped in the light or high energy particle induced 
conductivity in ZnS or [Zn:Cd]S phosphors. The 
earliest paper of Pohl and his co-workers has already 
described basic experiments in this field.' The situation 
became more interesting when Frerichs? found that in 
single CdS crystals tremendcus currents can be pro- 
duced, that one single alpha-particle or gamma-photon 
can induce a charge transport of about 10" or 
more electrons. Such experiments have been described in 
more detail by Frerichs,* by Kallmann and Warminsky,‘ 
and Kallmann.® Another type of experiment dealing with 
fluorescent powders has been described by Hardy,® who 
also describes the influence of infrared light on these 
induced currents. Other papers in this field were also 
published by Bube’ and Gildart and Ewald.* We will 
discuss these papers later. 

The present paper deals with the conductivity of 
different [Zn:Cd]S powders. The experimental ar- 
rangement is similar to that of Hardy. The main dif- 
ference is that in the present paper the investigation is 
also carried through for high energy radiation as an 
exciting agent; that our experiments cover a much 
larger range of current than those of Hardy; and that 
the infrared stimulation and quenching was investi- 
gated as a function of simultaneous ultraviolet intensity 
and infrared wavelength. 

We will first present the results obtained with seven 


* This work was supported by the Signal Corps Engineering 
Laboratories, Fort Monmouth, New Jersey. 

t Part of a dissertation presented to the Physics Department, 
New York University, in partial fulfillment of the requirements 
for the Ph.D. degree (B.K.). 

1B. Gudden and R. W. Pohl, Z. Physik. 3, 98 (1920) ; see also 
L. Bergmann and F. Ronge, Physik. Z. 41, 349 (1940). 

2 R. Frerichs, Phys. Rev. 72, 594 (1947). 

*R. Frerichs, Phys. Rev. 76, 1869 (1949). 

*H. Kallmann and R. Warminsky, Ann. Physik 4, 69 (1948) and 
4, 57 (1948). 

5H. Kallmann, Signal Corps Engineering Report E-1036 
(Fort Monmouth, New Jersey). 

6A. E. Hardy, Trans. Electrochem. Soc. 87, 355 (1945). 

7R. H. Bube, Phys. Rev. 83, 393 (1951). 

8 L. Gildart and A. W. Ewald, Phys. Rev. 83, 359 (1951). 


different luminescent powders and several nonlumi- 
nescent samples and will then describe a theory which 
seems to cover some of the most important and general 
features of these measurements. In these measurements 
it was found that the ultraviolet induced current ex- 
ceeds the number of electrons excited per second in the 
sample by a large factor. In the experiments with 
single CdS crystals*-* the current was 10° times larger 
than the number of excited electrons per second, while 
in the present experiments with different powders the 
current is only about 100 to 1000 times larger than the 
number of excited electrons per second, probably as a 
consequence of the contact resistance and nonuniform 
illumination of the powders. 


Il. EXPERIMENTAL APPARATUS 
A. Current Measuring System 


Figure 1 shows the electrical circuit used to measure 
the induced currents. Since a range of currents from 
10-" ampere to 10-* ampere was covered, the circuit 
actually consisted of two separate units, each of which 
served only for a part of the range. For currents below 
10-° ampere an electrometer tube with a grid resistor 
of 10'° ohms was used in series with the powder being 
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Fic. 1. Schematic diagram of current measuring apparatus. 
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Fic. 2. Diagram illustrating radiation and electrode arrangement. 
investigated, and the voltage drop across the resistor 
was determined. To extend the range of the electrom- 
eter circuit to higher currents, a variable voltage (up 
to 45 volts) was placed in series with the grid resistor 
so that the tube could be brought back to its original 
grid bias by varying this voltage. 

For current ranges above 10~* ampere a high sensi- 
tivity galvanometer was used with a protecting re- 
sistance of 10’ ohm in series. Suitable shunting resis- 
tances could be placed across this combination so that 
currents up to 10? ampere could be measured. A 
resistance of 25,000 ohms was placed directly across 
the galvanometer’s terminals so that it was critically 
damped at all current ranges. To permit observation of 
relatively fast changes a dc oscilloscope, connected 
directly across the galvanometer and its protecting re- 
sistance so that both instruments would simultaneously 
follow the current range as the shunt resistors were 
thrown in was desirable. It was necessary, therefore, to 
introduce an impedance converter (electrometer tube) 
between the galvanometer and oscilloscope so that the 
oscilloscope could be used in parallel with resistances 
up to 10" ohm. The oscilloscope was connected between 
ground and the high side of the plate resistor and a 
variable voltage inserted between the letter and the high 
terminal of the oscilloscope. This voltage could shift 
the zero current line of the oscilloscope and adjust for 
the constant plate voltage otherwise acting on the input 
of the oscilloscope. To eliminate pick-up a 60-cycle 
filter was also inserted before the oscilloscope. 

In order to measure small current changes super- 
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imposed upon steady dec currents, a compensating cir- 
cuit as shown in Fig. 1 was used. This supplied an addi- 
tional current through the resistor network. The 
“powder noise” was the limiting factor to the amount 
of compensation that could be applied; thus only a 
change of 1 percent of the steady current through the 
powder could be detected. 


B. Radiation Arrangement 


The radiation arrangement allowing simultaneous 
exposure by ultraviolet, infrared, and high energy 
particle radiation is shown in Fig. 2. 

The ultraviolet source was of the mercury discharge 
type with the most intense radiation at 3660A. This 
wavelength is not low enough to excite electrons from 
the valence band to the conductivity band of ZnS 
phosphors, but with ZnCdS phosphors this wavelength 
is close to the absorption edge of the lattice or even 
below this value. About 5 to 10 microwatts per cm? was 
incident upon the powder during measurements. The 
infrared source was an ordinary 250-watt heating lamp 
enclosed in a light tight container with a 1-inch apera- 
ture. Using the most common type of infrared filter 
(Corning 7-56) about 1 milliwatt per cm*® (about 25 
percent between 0.8 and 1.24) was incident upon the 
powder. Both lamps had appropriate provision for 
mounting several 2-inch square filters directly in front 
of the light source. 

The alpha- and beta-sources were directed at the 
side of the powders (away from the ultraviolet and in- 
frared illumination) through a thin aluminum electrode 
(see below). They were placed within 0.5 centimeter 
of the powder’s surface. The gamma-source was placed 
on top or at the side of the conductive glass. The 
alpha-particles were supplied by a 3-millicurie polonium 
source, the beta-particles by a 10-millicurie strontium 
90 source, and the gamma-radiation by a 1-millicurie 
radium source. 

The ultraviolet and infrared intensities were meas- 
ured by a calibrated thermopile. These measurements 
were made several times during the investigation and 
showed that the sources stayed comparatively constant. 

To measure the light emission of the excited powder 
a more elaborate method was required. For this pur- 
pose a Photovolt Meter (512M) with a 1P28 multiplier 
was used, and Corning Glass Filters were interposed 


TABLE I. Composition, electrical and optical characteristics of some luminescent powders investigated. 


Luminescent 
Activators color 


K (Zn: Cd)S Pb; Cu; Ni Yellow 

L (Zn: Cd)S Pb; Cu Yellow 

M ZnS Mg; Cu Green 

N ZnS Ag Blue 

O (Zn:Cd)S Ag Red 

D* ZnS Pb; Cu Blue-green 
P ZnS Cu; Co Green 


Powder Composition 


Visual Tuv (max 
persistence 
Short 10 15 
Long 
Long 
Long 
Short 10 15 
Short 
Long 





Time to decay to 
50 Iuv for 
strongest lire lav 
excitation amp A amp 


“2x10* 
0 


amp 


1.3X 10~ 
2.5X10° 
6X10 
2X 107 


3X10 60 
2x10 120 
2x10 10 


7X10~° 
5x10-8 


2X10 10 2.6X10~* 
2X10 18 10° 


2x10? 


* This powder was supplied by Dr. Dropkin of the Polytechnic Institute of Brooklyn. 
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between the sources and powder and between the 
powder and photomultiplier so that only the lumines- 
cent wavelengths were effective. The sources were 
placed at the same positions with respect to the powders 
to be measured for light emission as they were when 
the powder’s conductivity was to be investigated. The 
small amount of direct radiation was measured and 
subtracted from our readings. 


C. Powder and Electrode Arrangement 


Most conductivity measurements on powders are 
made using metal plates pressing the powder together 
and simultaneously acting as electrodes. Such an ar- 
rangement was not feasible in our experiments since 
alpha- and beta-particles were to be used in some in- 
vestigations. On the other hand, a transparent elec- 
trode was required so that the powder in the electrical 
field could be exposed to ultraviolet and. infrared radia- 
tion. The following method of preparing the powder 
and electrodes has proven satisfactory. A thin film of 
amyl acetate in which a small amount of Duco cement 
had been dissolved was spread on a glass plate which 
had been obtained with a transparent conductive 
layer.*.* The powder was scattered onto the solution 
until the required thickness (5-30 milligrams per cm?) 
was obtained, and left to dry for several hours. In this 
way a thin, rather homogenous layer of powder making 
good contact with one electrode was obtained. The 
ultraviolet and infrared radiation was directed at the 
powder through this glass electrode, and losses in 
intensity due to passage through the glass were less 
than 15 percent. 

The other electrode was a thin aluminum foil which 
was transparent to alpha- and beta-particles. This foil 
was placed on top of a hollow brass cylinder, the high 
energy source screwing into the cavity. The sample 
was placed over the aluminum foil with the exposed 
powder surface resting on the aluminum, and the 
potential between the conductive glass and the brass 
cylinder slowly raised. The field drew the foil tightly 
against the powder making electrical contact with the 
surface grains. The powder and electrode arrangement 
are shown in Fig. 2. 


III. EXPERIMENTAL RESULTS 


Table I lists some of the luminescent powders used 
together with a summary of their optical and electrical 
characteristics. 


A. Voltage Dependence of Ultraviolet 
Induced Currents 


Figure 3 shows the voltage dependence of the current 
induced in powder K by ultraviolet radiation. This 
curve is typical of all powders measured and shows an 
almost exponential dependence at low field strengths 


® Now available from Corning Glass Works or Pittsburgh Plate 
Glass Company. 
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Fic. 3. Dependence of ultraviolet induced current as a 
function of potential across powder. 


changing to an almost linear dependence at higher 
field strengths contrary to the results obtained*® with 
single CdS activated crystals which showed an ohmic 
relation over the entire voltage range measured. Al- 
though no other powder shows as high an induced 
current as powder K, all show the same tendency toward 
linearity at higher field strengths indicating that there 
was negligible breakdown even at these higher fields. 
The magnitude of the fields used in our measurements 
may be roughly given by noting that the powders 
ranged from about 0.1 to 0.2 mm in thickness, and po- 
tentials of several hundred volts were applied, giving 
fields of about 10,000 volts per centimeter. 

Since Duco cement was used as a binder, measure- 
ments were made to determine if there was any effect 
on the induced current by the binder. A thin film of 
Duco was deposited on the conductive glass surface, 
which then was placed in our apparatus. This layer 
was about 5 milligrams per cm? and showed approxi- 
mately constant resistance, 10° ohms up to 600 volts, 
the largest potential applied. There were no changes 
in this current when the layer was exposed to ultra- 
violet or infrared radiation. Since a powder which had 
been excited by ultraviolet until its effective resistance 
was 10° ohms could be “quenched” until its effective 
resistance was greater than 10" ohms, it can be seen 
that the binder has negligible effect upon our measure- 
ments. It is to be noted that the amount of binder 
used to fix the powders is much smaller than the layer 
measured. 

Figure 4 shows the dependence of current on field 
strength for two thicknesses of the same powder. It can 
be seen that in this case this relationship is not a func- 
tion of the sample’s thickness, the ratio of the thick- 
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Fic. 4. Dependence of ultraviolet induced current as a func- 
tion of potential across powder for two different thicknesses of 
the same powder. 


nesses being approximately equal to the ratio of the 
applied potentials to obtain the same induced current. 
There may be some such dependence if much wider 
ranges of thicknesses are used, but this was not 
investigated. 
B. Intensity Dependence of Ultraviolet 
Induced Currents 

To measure the dependence of the ultraviolet in- 

duced current as a function of the exciting radiation, 
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Fic. 5. Dependence of ultraviolet induced current as a func- 
tion of the exciting intensity for powder K. The abscissa refers 
to the transmission rating of the Wratten filter placed in front of 
the ultraviolet source. 
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a series of neutral filters were inserted directly in 
front of the ultraviolet source. In this way the effective 
intensity could be varied down to 0.1 percent of the 
original value. The magnitude of the current induced 
by ultraviolet radiation without any neutral filters 
before the source (about 5 to 10 microwatts per cm? 
intensity) is given in column 5 of Table I. When un- 
excited the dark current exhibited by these powders 
was less than 10~'° ampere if the powder was dry and 
thoroughly quenched by infrared radiation. 

All powders showed a tendency toward a linear de- 
pendence of the currents on the intensity at higher in- 
tensities, the current dropping off from the linear rela- 
tion at lower intensities; this is very pronounced for 
powder M. Figures 5, 6, and 7 show current versus 
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Fic. 6. Dependence of ultraviolet induced current as a function 
of the exciting intensity for powder M. 


intensity curves for several powders measured. Some 
discrepancy was noted when measurements made with 
decreasing intensity were checked against measure- 
ments made while the intensity was increased. It was 
found, however, that this lack of consistency could be 
eliminated if enough time was given (up to several 
hours) so that the current could come to an equili- 
brium value. This effect can be explained by the as- 
sumption that the probability for the electrons in the 
conductivity band to fall into empty traps is greater 
than that of their recombination with the ionized acti- 
vators (see Sec. IV B). 

An explanation of these current-intensity curves will 
be given in the theoretical section of this article. Since 
the current-voltage curves show that the resistance of 
the samples depends strongly on the applied voltage 
it might be suspected that the resistance also depends 
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on the current, and that, for instance, the drop in cur- 
rent from linearity at low intensities stems from a 
certain change in the contacts of the individual grains 
of the powder. To investigate this point we have made 
current-intensity runs at various voltages. The curves 
obtained (Fig. 8) show similar current-intensity rela- 
tions for different voltages, and since at different 
voltages the current changes greatly, these results seem 
to indicate that the observed deviation from linearity 
is an intrinsic effect of the powder and is not appreci- 
ably affected by grain contact. 
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C. Decay of Ultraviolet Induced Currents 


LYRBENT 


After an equilibrium current value had been estab- 
lished under steady ultraviolet excitation, the ultra- 
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Fic. 8. Current versus intensity curves for various 
potentials across the powders. 





(K, O) showed no persistence at all, the current decay 
times were all of similar magnitude. 

A dependence of the decay curve on temperature 
was noted. A hot air blower directed at the sample 
under investigation increased the rate of decay (Fig. 
11). However, this dependence was not investigated 


in detail. 
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Fic. 7. Dependence of ultraviolet induced current as a function 
of the exciting intensity for powder L. 


violet radiation was interrupted and the decay of the 
current was measured. Column 6 of Table I shows the 
time required (in seconds) for the current to decay to 
1/50 of its original value. Figures 9 and 10 show decay 
curves for powders K and L for various values of initial 
exciting intensities. Although the initial currents vary 
by large amounts it can be seen that all curves merge 
after a given time, that is, the magnitude and rate of 
decay of the currents is independent of the initial in- 
tensity if we are far enough along the decay curve. 
Thus the large induced currents show a very fast 
initial drop, while the smaller currents decay initially * — 
at a much slower sate. Although — powders (L, M) Fic. 9. Current decay for different values of initial ultraviolet 
had “long persistence” light emission while others excitation for powder K. 
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Fic. 10. Current decay for different values of initial ultraviolet 
excitation for powder L. 


D. Effects of Infrared Irradiation on Ultraviolet 
Induced Currents 


1. Simultaneous Irradiation 
Simultaneous irradiation of the powder by ultra- 
violet and infrared light resulted in general (after the 
current induced by ultraviolet radiation had come to 
a stationary value) first, in a stimulation, then in a 
quenching of the current. For some powders (K, D) 
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Fic. 11. Heating effect on the current decay of powder M. 
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the stimulation could be observed at large currents 
(greater than 10~* ampere), but for others (L, M) the 
stimulation effect could be noted only at much lower 
currents. 

The stimulation effect was readily noted by using 
the compensating circuit to buck out the steady ultra- 
violet current through the galvanometer. The sensi- 
tivity of the entire detecting system could then be 
increased, and if there was any stimulated current 
pulse, it could be easily observed. Column 7 in Table I 
gives the absolute magnitude of these peaks (A/ir). 
Since these values depend on the simultaneous ultra- 
violet intensity, column 9 gives the steady ultraviolet 
induced current which is indicative of the ultraviolet 
intensity at which these readings were taken. 

The magnitude of AJ;, showed definite saturation 
effects with increasing ultraviolet intensity. For large 
intensity, A/;, approached a constant, while it became 
proportional to the intensities at lower values of the 
latter. This is seen in Fig. 12 in which A/;, is plotted 
as a function of 7, for powder K."° 
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Fic. 12. Dotted line: infrared current stimulation as a function 
of original ultraviolet induced current; full line: infrared quench- 
ing of current as a function of original ultraviolet induced current. 


The quenching of the initial currents by the infrared 
radiation is given in column 8. Q is defined as [(Juy 
—Tuv+ir)/Tuv]X100 percent, where Juy+ir is the equi- 
librium current obtained when infrared radiation is 
added to ultraviolet radiation. The quenching Q was 
observed for all luminescent powders measured, and 
showed a definite dependence on the ultraviolet in- 
tensity. This dependence is shown for powder K in 
Fig. 12 where the abscissa again describes J, which is 
indicative of the uv intensity in this range. In contrast, 
other powders show Q’s greater than 90 percent at 
lower ultraviolet intensities. 

When /uy+ir had reached an equilibrium value, the 
infrared radiation was interrupted and the current 
began to increase to its original values. If a stimulated 
peak had been observed before quenching occurred, 
then a drop in current (AJ;z’) of the same order of 
magnitude as the peak was usually observed when the 
infrared radiation was cut off. A similar increase, 


10 Powders N and D show similar saturation effects. 
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quenching, dip, and recovery had previously been 
noted.® 

For low values of Jy, this increase after quenching 
by infrared radiation was extremely slow and some- 
times hours were required before the current reached 
its original value. At higher values of 7,, this recovery 
was much faster but was still relatively slow when com- 
pared to the recovery if the ultraviolet radiation had 
been interrupted for the same period as the infrared 
had been turned on. This indicates the existence of a 
limited number of deep traps and will be discussed 
more fully below. 

By using Corning filters some idea of the stimulation 
and quenching effects as functions of the wavelength 
of infrared radiation could be obtained, and a brief 
summary is given in Table II. An ultraviolet intensity 
was chosen to give noticeable stimulation and quench- 
ing effects, but it should be noted that for each powder 
AI;, and Q varied with the ultraviolet intensity. With 
filter 7-69 passing wavelengths between 0.70 and 1.1 
microns, the stimulation and quenching effects are of 
the same order of magnitude as the effects noted when 


- 


using a 7-56 filter which passes from 0.8 to 4 microns 


TABLE II. Infrared stimulation and quenching effect (at various 
infrared wavelength regions) on induced currents. 





Alir 
56 
7-69 72 
10-* 0 


2x1077_ ~5x10-* 
10-* 2x10-° 


Powder luv 7-56 


K 13x10 2x10 
D 26X10°* 2x107 
M 6x10" 7x10-° 
L 25X107 0 

N 2x10°*° =5x10~° 





0 
5x 10-8 0 








and passes an over-all light intensity greater than 7-69 
by a factor of 10. It is thus evident that the transitions 
giving rise to stimulation and quenching are mainly in 
the energy range defined by the 7-69 filter. Although 
this effect is pronounced, a second effect—the produc- 
tion of stimulation and quenching by radiation further 
in the infrared has been noted. With a combination of 
a 7-56 and 4-72 filter the intensity is about the same as 
for the 7-69 filter, but no wavelengths below 1.3 mi- 
crons are effectively passed. Stimulation could be de- 
tected in some powders, and at low uv intensities Q 
values even greater than 90 percent were obtained 
(powder M). 


2. Infrared Irradiation without Simultaneous 
Ultraviolet Excitation 


A curve for powder K showing the effect of infrared 
irradiation applied at different times along the decay 
curve is given in Fig. 13. Along the earlier parts of the 
decay curve a noticeable quenching may be observed, 
while the quenching at very low currents (long after 
excitation has ceased) becomes smaller. At these low 
intensities, the infrared radiation stimulates the current 
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Fic. 13. Infrared current stimulation and quenching after 
ultraviolet excitation had been interrupted. Dotted lines indicate 
current when infrared is turned on. 


for a long interval (up to several minutes) before the 
current is driven below the original decay curve (not 
shown in Fig. 13). Thus, in general, it can be said that 
on the decay curve the stimulation effect gains domi- 
nance over the quenching effect as the current drops in 
magnitude. 

If the infrared radiation is shut off when the current 
has been driven below the usual decay curve, a further 
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. 14. Fluorescent intensity as a function of ultraviolet 
intensity for powders L and K. 
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TABLE III. Infrared stimulation and quenching effects on light 
emission of two luminescent powders. 


SEir SEir’ 


0 0 
0 0 
0 0 
3 3 


0 0 
0 0 
20 2 


drop is noticeable, indicating that a stimulating effect 
was still in process, although the over-all effect was of 
quenching. These stimulation and quenching effects 
following ultraviolet radiation were similar for other 
powders measured, with differences appearing in the 
magnitude of the stimulation and quenching. 


E. Light Emission Measurements 


Using the apparatus described in Sec. II, the light 
emission of powders L and K were measured as func- 
tions of the incident ultraviolet intensity, the latter 
being varied by means of neutral filters. The results 
)btained are shown in Fig. 14. For powder ZL, linearity 
of light emission with the existing intensity is obtained 
down to 1 percent of the original intensity, but for 
powder A the emission drops off gradually from linearity 
beginning at 10 percent. The latter result was carefully 
checked by removing the source rather than inserting 
the filter and the same results were obtained. 

When the infrared radiation (using a 7-56 filter) 
was directed at the powder during ultraviolet radiation, 
quenching and stimulating effects in light emission 
were noted and are given in Table III. Although the 
intensities of radiation were about the same as in the 
conductivity measurements, it can be seen that the 
quenching effects are less pronounced and that stimula- 
tion appeared only at the very low intensity ranges. In 
the table E,,, AEi,, AEi,’, and Qg are used instead of 
the corresponding current terms defined in Sec. D 
above. Figure 15 shows the stimulation and quenching 
of both the current and light emission of powder L at 
low ultraviolet intensities, and shows the sharp drop 
in light emission when the infrared radiation was 
turned off 

Quite generally, the light curves lie above the cor- 
responding current curves under additional infrared 
irradiation and the reduction of the light emission seems 
to be smaller than the corresponding current reduction. 


F. High Energy Particle Measurements 


Using the electrode arrangements described above, 
the powders were bombarded by high energy alpha- 
particles and electrons. 

With alpha-particles induced currents up to 5X 10~® 
ampere were detected with powders A, M; currents 
up to 10-® noted with Z, while other powders gave 
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smaller induced currents. It was found that the polarity 
of the voltage applied to the powder could cause the 
induced current to change by a factor of 10. The larger 
currents were induced when the bombarded side was 
at a negative potential. Thus a definite rectifying effect 
is produced, probably due to the thin surface layer 
actually ionized by the incident particles. Similar 
effects were noted with pure CdS crystals.*:® If ultra- 
violet and alpha-particle radiation were applied simul- 
taneously, it was found that Ja,uy was greater than 
Tuvs+la. This may be understood by assuming that 
without uv illumination most of the powder is in a rela- 
tively nonconducting state except for the surface ex- 
posed to alpha-particles, and that the additional ultra- 
violet excitation makes the unbombarded grains more 
conducting, thus allowing the alpha-induced con- 
ductivity to be measured. 

The current to be expected from alpha-particle 
bombardment can be roughly calculated as follows: 
assuming an effective 3-millicurie source, a loss due to 
geometric factors by about 80 percent, and an energy 
of about 10 electron volts required to ionize an acti- 
vator, we have, for 5-Mev alpha-particles, 


t= 1X10" el/sec= 1.6X 10~* amp. 


When infrared radiation was added to the alpha- 
particle radiation, effects similar to the results outlined 
in Sec. III D were obtained. Table IV gives the alpha- 
induced current (/,), the stimulated peak (AJ;;), and 
the quenching (Q). These results (using the 7-56 filter) 
for powders K and M are compared with the results 
obtained when ultraviolet instead of alpha-particle 
radiation was used. It can be seen that, in general, the 
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Fic. 15. Effect of infrared irradiation added to ultraviolet excita- 
tion on the induced current and the fluorescent emission of powder 
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results are similar, but quantitative differences exist; 
it is not yet clear whether these are caused by the ex- 
perimental arrangement, or are inherent in the mecha- 
nism of current production. 

Electrons were used as ionizing particles with only 
powder M. A current of about 10~* ampere was induced 
in the sample, and this equilibrium value was reached 
after 5 minutes. Stimulation and quenching was noticed 
when the sample was simultaneously irradiated by 
infrared. The effects were small and may have been 
due to the action of the infrared on the zero current 
which was not completely quenched. 

A calculation to determine the current to be expected 
for electron bombardment (assuming 10 percent of the 
electrons are absorbed in the powder) gives (with an 
average energy of } Mev and a geometry loss of 80 
percent) 

i=3 X10" el/sec=5X 10-8 amp. 


The reasons why the currents obtained under alpha- 
and electron bombardment are relatively small com- 
pared to the light induced current (when reduced to 
the same absorbed energy) may be due to the quite 
generally observed drop ‘n current intensity from a 
linear relationship, since the absorbed energies in the 
case of electrons are only of the order of one erg, com- 
pared to 100 ergs with the maximum light intensities. 

Many experiments were made to detect the current 
induced by weak gamma-radiation, but none was suc- 
cessful. A gamma-irradiation of 10 r/hour was ap- 
parently not strong enough to be detected in this 
arrangement. 


G. Miscellaneous Powders 


For purposes of comparison the currents induced by 
ultraviolet and infrared radiation in pure anthracene 
(scintillation grade), pure, nonactivated, and nonlu- 
minescent ZnS and CdS, ZnO, and a special experi- 
mental powder supplied by the courtesy of du Pont 
were measured using the same technique described 
above (Sec. C). 

Using anthracene flakes in layer form (8 mg/cm?) an 
induced current of 2X 10-7 ampere was observed when 
the sample was exposed to ultraviolet radiation using 
a potential of 500 volts. About 30 seconds were re- 
quired for the currents to build up to this value, and a 
rather long decay was observed and is shown in Fig. 16. 
No effects on the induced current were noted when the 
layer was exposed to infrared radiation. 

Pure ZnS and CdS were supplied by the New Jersey 
Zinc Company and were prepared in powdered layers. 


TaBLe IV. Comparison of infrared quenching and stimulating 
effects on ultraviolet and alpha-particle induced current. 


Alir Q1 


~§xX10-7 5X10-% 97 
1.2X10-* 3X10-7 56 


Powder Tay Alir QO la 


“M 6X10 + 75X10 99 
K 14X10 15K107 43 
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Fic. 16. Current decay in anthracene 


The ZnS showed no measureable induced currents by 
either ultraviolet of infrared radiation. The CdS, how- 
ever, showed a small response to ultraviolet and infra- 
red radiation. Both types of radiation caused induced 
currents of 10~* ampere, either separately or additively. 
Measurements on both of these powders were difficult 
because of a rather large zero current which did not 
remain constant and could not be quenched. 

ZnO crystals with unknown impurities (provided by 
the American Zinc Company of Illinois) were ground 
to a fine powder and prepared in the usual manner. 
Ata potential of only 10 volts, a dark current of 2X 10~® 
ampere was observed. Ultraviolet radiation induced an 
additional current of about 10~* ampere. The build- 
up and decay of the ultraviolet current was quite slow 
compared to that of the luminescent powders measured. 

A specially activated CdS powder was provided by 
the du Pont Company (their identification Q59-2427). 
This powder exhibited unusually large ultraviolet and 
infrared induced currents superposed on a very large 
dark current, thus behaving like an ordinary semi- 
conductor. Figure 17 shows the dark current, ultra- 
violet induced current, and infrared induced currents 
as functions of the applied voltage. 


IV. THEORETICAL CONSIDERATIONS 
A. General Description of the Model 


The foregoing described experiments demonstrate 
that the induced current exceeds the number of elec- 
trons excited per second considerably. This is not only 
true for excitation by light but also in the case of ex- 
citation by alpha-particles when the current-voltage 
curves are compared to the ionization current in an air 
chamber. This excess of the induced currents over the 
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Ultraviolet induced current, infrared induced current, 
and dark current for CdS activated powder. 
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number of electrons excited per second may be in- 
terpreted as a real conductivity phenomenon in which 
the electrons in the conductivity band are the carriers. 


The current density 7 may then be described by the 
following formula: 


j=enwE, (1) 


where m, is the number of electrons in the conductivity 
band per unit volume, w their mobility, e the elec- 
tron charge, and £ the applied field strength. The ex- 
periments show that Ohm’s law is not fulfilled since 
there is a strong, nearly exponential increase of the 
current with voltage at low field strength. At high field 
strengths the relationship in some cases approaches 
Aj/ASE=constant. There may be several reasons for 
such deviations from Ohm’s law; they may be partly 
attributed to the inhomogenity of the powder and the 
fact that the contact between the grains may depend 
on the field strength. It may also be due to the fact 
that the density of electrons is so low that the potential 
layer near the boundary may be extended considerably 
into the interior of the grains; and finally, since at 
least some of these powders are not excited uniformly 
through the whole thickness, a layer of small resist- 
ance may be followed by a layer of high resistance. 
This high resistance layer may essentially determine 
the current through the powder, and only some of the 
electrons in the layer of low resistance may diffuse or 
may be drawn by the field strength through the high 
resistance layer. Similar effects were observed pre- 
viously** with single crystals and light and high energy 
excitation where these particles only excited a small 
boundary layer. A more detailed investigation of this 
voltage-current relationship in powders is underway. 
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With these results in mind it may appear doubtful 
as to whether the observed current-light intensity rela- 
tionship is an intrinsic one or is influenced by the de- 
pendence of the resistivity on the applied field strength. 
The measurements shown in Fig. 8 seem to indicate 
that our current-light intensity curve represents, at 
least to some extent, the true relationship between cur- 
rent and light since nearly the same current-light in- 
tensity curves were found where the current was varied 
by a factor of 10‘ as a result of a change in the applied 
voltage. From Figs. 5, 6, and 7 it can be seen that 
powders exhibit a tendency toward a linear relation- 
ship between current and light intensity at higher 
values of the latter, and that in all powders a dropping 
off from linearity occurs for low illumination. In the 
literature current-light intensity relationships of the 
form j=cI* are found where a varies between } and 1; 
Kallmann and Warminsky find a=1, Frerichs gives 
the value a as 3, and Bube finds that a lies between 3 
and 1 depending on temperature. 

In this section we shall present a description of a 
simplified model which can account for these different 
types of current-light intensity relationships. It is most 
important that such a model explain not only the rela- 
tionship between induced current and the intensity of 
the exciting radiation but also the relationship between 
the induced current and the intensity of the emitted 
fluorescent and phosphorescent light. The above de- 
scribed experiments show that current and emitted 
light intensity are neither concomitant with each other 
when additional infrared radiation is applied to the 
excited powder, nor when the decay of the current and 
of the intensity of the emitted light is observed after 
the removal of the excitation. 

One special point may be recalled here. In the 
[Zn: Cd ]S phosphors there exist “storage” and ‘“‘quench- 
ing” types. In the first type, light is stimulated by 
irradiation with infrared light of two ranges of wave- 
lengths (about 8000 and 13,000A). In the second type, 
similar wavelengths produce a quenching of the emitted 
light in fluorescence as well as in phosphorescence. The 
above described experiments as well as the experiments 
of Hardy, however, indicate that the same wavelength 
range has both a stimulating as well as a quenching 
effect in one and the same phosphor. But the stimu- 
lating and quenching effects on current are different 
from those on light. We shall not try to assign the ob- 
served stimulating and quenching wavelength to a 
definite specific elementary process. We shall, however, 
develop a general picture which may lead to an under- 
standing of the underlying processes. 

We assume that a relatively small number of traps 
(about 10'* per unit volume) exist, with an energy depth 
of about 0.7 volt or larger, and that the electrons bound 
in these traps, or at least a certain portion of them, have 
the possibility of “recombining directly” with the 
positive charge without passing through the con- 
ductivity band at all or that they may pass through it 
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for only a very short time so that, at most, they give 
only a very small contribution to the electron density 
in the conductivity band. The removal of the electrons 
from the traps is mostly induced by thermal impacts 
or by infrared radiation. One can visualize such “direct 
recombination” by assuming either that these traps, 
or at least a certain portion of these traps, are associ- 
ated with the activator atoms" in such a way that the 
electrons in these traps can be raised “directly” to the 
emission level of the activator atom when the latter is 
ionized (transition 6,’ in Fig. 18), or that electrons in 
these traps ‘‘recombine directly” (4:’) with the ionized 
activators or the free positive holes in the valence band 
created by thermal impacts or infrated radiation. The 
first process is accompanied by light emission (if the 
agtivator is not a “‘quencher”), and the second one is 
not, so that it would represent a light quenching proc- 
ess. We assume further that these traps also exist if 
the activator atoms are not ionized. This is necessary 
in order to account for the observation that there is 
only a slow recovery of the current after the traps have 
been emptied by infrared irradiation. Apparently after 
such infrared illumination a considerable number of 
empty traps exist, which have to be filled before n, re- 
gains its equilibrium value. It may be that the above 
assumptions are much too simplified to apply to all 
cases (see Sec. V A). 

From the above assumption the described experi- 
ments on the influence of simultaneous infrared irradia- 
tion on light emission and current can be understood. 
Under exciting radiation, but with no infrared light 
present, a certain number of the traps are filled; and 
for our range of investigation the density of trapped 
electrons under stationary conditions is always larger 
than the density of electrons in the conductivity band, 
as will be seen from the equations below. There are two 
starting points for light emission: one, mainly from the 
conductivity band or from shallow traps affiliated with 
this band, and a second, from the above described deep 
traps mostly induced by thermal impacts or infrared 
radiation. If such radiation is additionally applied, 
more trapped electrons are brought to emit light per 
unit time, and the empty traps are refilled by electrons 
from the conductivity band. Thus a drain of electrons 
from the conductivity band sets in, its electron density 
is decreased, and the current decreases too. If no special 
quenching process is present, the same total number of 
excited electrons recombine to give radiative transi- 
tions when the equilibrium state is reached, and the 
infrared irradiation does not change the intensity of the 
emitted light, but only decreases the time lapse be- 
tween excitation and recombination. Besides these 
“direct recombinations” (6,’ and 6’), transitions of 
the trapped electrons to the conductivity band (49) 
can also occur under the action of infrared irradiation. 


4 This association between traps and activator atoms can per- 
haps be more easily visualized, by assuming that the activator or 
quenching atoms are localized near the traps. 
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These two transitions (“direct recombinations” and 
conductivity band jumps) could also be covered by an 
alternate assumption: that two different types of traps 
exist, each of which is responsible for only one type of 
transition. (The calculations below do not explicitly 
include this last possibility.) From such transitions to 
the conductivity band, an increase in current results 
immediately after the turning on of the infrared ir- 
radiation. This increase in current will fade away as 
soon as the refilling of the emptied traps from the con- 
ductivity band is established as can be seen from the 
equations developed below. The intensity of this in- 
crease in current depends on the number of trapped 
electrons and depends further on the way in which the 
electrons are removed from the traps by infrared 
irradiation. 

On the other hand, the further decrease in current 
observed after infrared light is removed results from 
the fact that after this removal many traps are un- 
occupied by electrons and are refilled from the con- 
ductivity band while electrons are no longer transferred 
from traps to the conductivity band by infrared radia- 
tion. The steady current under additional infrared 
radiation is the resulting effect of two competing 
processes : the infrared radiation moving some electrons 
from the traps to the conductivity band, and other elec- 
trons going from the conductivity band to the traps to 
replace the electrons removed by ir from the traps by 
the 6,’ transitions. When the infrared irradiation is 
turned off, the transfer of electrons from traps to the 
conductivity band stops immediately, but the refilling 
of the traps by electrons from the conductivity band 
goes on, and this causes a dip in the current after the 
removal of the infrared irradiation. This current dip is 
thus closely correlated to the current increase at the 
beginning of the infrared irradiation. Both are caused 
by the transfer of electrons from traps to the conduc- 
tivity band by infrared light. 

The fact that all [Zn:Cd]S powders investigated up 
to now show a quenching of the current under simul- 
taneous excitation and infrared irradiation proves that 
a removal of electrons by infrared light occurs from the 
traps which makes the electron recombine with the 
positive charge without bringing them to the conduc- 
tivity band, and the probability of this process exceeds 
that of electron transfer from traps to the conductivity 
band by infrared irradiation. The relation between the 
light curves and the current curves essentially depends 
on the way in which the infrared light acts on the 
trapped electrons. If all infrared induced transitions of 
trapped electrons are accompanied by light emission 
(6,'), the current is quenched but the light is not. Only 
in the moment when the infrared irradiation is turned 
off is the light emission interrupted, since the electrons 
now tend to fall from the conductivity band into the 
unoccupied traps from which light emission no longer 
occurs without infrared irradiation. If the infrared 
radiation causes some of the trapped electrons to re- 
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combine without emitting light (6.’ transition), the 
light emission is also quenched, that is, the steady light 
emission under ultraviolet and infrared irradiation is 
than under ultraviolet irradiation alone. (The 
question of whether the 69’ transitions end up at posi- 
tive charges at the activator level or at positive holes 
in the valence band is left open; it is not essential to 
the calculations described below.) In this way the 
proposed model gives a consistent description of the 
observed processes, and it will be seen from the explicit 
formulas that the behavior of light and current during 
the phosphorescence can be explained as well. 


less 


B. Quantitative Formulations 

rhe quantitative formulation of these ideas provides 
for two different starting points of the electrons for 
light emission: (1) light emission from the conductivity 
band which is described by a term 8n.ny, where ny is 
the density of positive holes (this is the normal light 
emission) ; (2) light emission from a deep trap, which 
may be described by a term 6’, where n; is the density 
of trapped electrons. It might be assumed that there 
are also different processes of emission corresponding to 
these different starting points. Since, however, no 
noticeable change in the emission spectrum under uv 
excitation and infrared stimulation was observed, the 
possibility must be considered that these different 
starting points lead to the same emission process. There 
is, however, also another possibility which must be 
examined, namely, that the light emission from the 
conductivity band also occurs by way of traps, but of 
very shallow traps connected to the emission level. 
Such an assumption seems to be supported by the 
short emission time observed with single alpha-particle 
light flashes. It is very difficult to understand time con- 
stants as short as a microsecond due to electrons di- 
rectly emitted from the conductivity band. The as- 
sumption of shallow traps could account for these 
short lifetimes. The following equations already include 
this assumption. The first equation, (2), deals with the 
formation and removal of the electrons from the con- 
ductivity band. The first term at the right side gives 
the number of electrons transferred 


nh.=al yy—B'n.(no— np) + bon. —B'n(ny—N)+5on, (2) 


into the conductivity band per second and per unit 
volume by the exciting radiation of intensity 7yu,; @ is 
a constant inherent to the substance; the second term 
scribes the number of electrons going over per second 
from the conductivity band to the traps where mp is the 
number of unoccupied traps in the unexcited powder 
and #' is the constant of this reaction; the third term 
gives the number of electrons per second moved from 
the traps to the conductivity band either by thermal 
impact or by infrared irradiation; in the latter case 59 
would also depend on the infrared irradiation; the 
fourth and fifth term have the same meaning as the 
second and third term, only they refer to the shallow 
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traps.” It is hereby assumed that the total number of 
available shallow traps is practically given by the 
number of positive charges mj. 7; is the number of elec- 
trons occupying these traps. 

(3) 
(4) 
(5) 
Equation (3) deals with the electrons moved into or 
from the deep traps. The first term on the right gives 
the number of electrons moved from the conductivity 
band into the deep traps and the second term gives 
just the reverse process. Both terms are the negative 
of the second and third term in Eq. (2). The third 
term of (3) describes the number of electrons moved 
from the traps to the valence band without passing 
through the conductivity band. This may occur by 
thermal impacts or by infrared radiation. In the latter 
case the constant 6’ would be proportional to the infra- 
red intensity. This term may also describe the removal 
of the electrons from the traps by thermal agitation. 
It thus describes any leakage of the electrons from the 
traps which does not pass through the conductivity 
band. This term is a most critical one and can change 
the whole light and current behavior of the powder. 
Equation (4) describes the balance between the positive 
and negative charges. In this model the traps also exist 
when no excitation takes place; thus the number mp is 
independent of the excitation. The general form of 
these equations is not altered when the electrons in the 
traps cannot undergo “direct recombinations” with the 
positive holes. However, the value of 5’ would be 
thereby decreased. The strong decrease in current under 
infrared irradiation seems to indicate the existence of 
“direct recombinations.” Equation (5) describes the 
filling and emptying of the shallow traps close to the 
conductivity band. 6’ describes the recombination of 


n= B'n.(no— nz) — bon — 8’ ny. 
Ny = Ny t+Ni tne. 


dn, /dt=B'n(ny—n,) — boi, —8' Ky. 
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Fic. 18. Assumed model of fluorescent crystal 
showing allowed transitions. 


' These transitions are shown in Fig. 18 which is a simplified 
drawing of the proposed model. 
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the electrons from the shallow traps with the positive 
charge, mostly accompanied by light emission. It is 
this term which is responsible for the normal light 
emission. 

The constants introduced in the above described 
equations are not independent of each other. In the 
case of no infrared irradiation there is the following 
well-known statistical formula for B’ and 69: 


50/8’ = (2amKT/h*)'e—#/K7, (6) 


where m is the effective mass of the electron and T is 
the absolute temperature.” A similar equation holds 
for 8’ and 69. Equations of the type (2) to (6) are well 
known and have been previously discussed.'*~"? How- 
ever, the 6’ has not been taken into account accordingly. 
A consideration of these equations leads to the idea 
that there are different ranges of intensity where , 
(and thus the current) behaves quite differently. 

Equations (2) through (5) are similar in some re- 
spects to the equations used by Broser and Warminsky. 
This similarity, however, is only formal. The essential 
differences are the following. We assume that electrons 
bound in traps do not contribute to the conductivity 
as long as they are in the traps. This seems to be 
brought out by our experiment in which powders filled 
with trapped electrons give practically no contribution 
to the conductivity. For instance, powder L shows very 
large infrared induced light stimulation after the uv 
excitation. The current remains very small. We assume 
further that the occupation of the traps takes place 
only from the conductivity band and is thus deter- 
mined by the §’ transition of Eq. (3). We further intro- 
duce three transition probabilities (which are affected 
by infrared radiation) from these traps which are 
necessary to describe the experimental data, especially 
the relation between current and light intensity under 
the same conditions. The effect of the positive charge 
is implicitly contained in our equation by the 6,’ part 
of 6’. Since the contribution of the positive holes to 
the conductivity is small as long as the number of 
activators is large compared to the number of traps, 
we see no reason to introduce equations dealing with 
the time change of the positive charge. This is only true 
without infrared irradiation; if such radiation is ap- 
plied, it may be that enough positive holes are set free 
to give a noticeable contribution to the stimulated 
current. For this special case the contribution of the 
positive holes may not be negligible. 

The order of magnitude of the constants occurring 
in these equations are as follows: a is proportional to 
the quantum yield of the exciting light and, since all 
relations refer to unit volume, a/yy is of the order of 

oa N. F. Mott and R. W. Gurney, Electronic Processes in Ionic 
Crystals (Oxford University Press, London, 1940), p. 156 ff. 

4M. Schon, Z. Physik 119, 470 (1942) and Ann. Physik 3, 333 
(1948). 

'H. A. Klasens, Nature 158, 306 (1946). 

16T. Broser and R. Warminsky, Ann. Physik 7, 19 (1950). 

17 A, Rose, RCA Rev. 12, 402 (1951). 
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10'* electron/sec for an exciting radiation of 10 ywatt, 
cm? (calculated for a thickness of #4 mm and quantum 
yield one). 8’ and 8’ are both assumed to be of the order 
of 10-7 cm! sec~'. 59 and 4y are then given by (6). This 
gives 10~° sec” for a trap depth of one electron volt. 
4’, the normal light emission term, is of the order of 
10*§ sec~!, and 6’ will be discussed later. The constant 
8* which occurs below in Eq. (7) is of the order of 10-"' 
cm*/sec. These equations are now solved for the steady 
state by making the left side of the equation equal to 
zero. Ny, M+, and 7, can easily be eliminated from three 
of these equations. The fourth equation then gives a 
cubic equation for n. which may be conveniently 
written in terms of n,/mo and 6= 69+’: 


n./No)®+ (n./no)?(1+6/B'no) 
+n, 


bal uy 
no( — al yy/B*ne?+ 6’ /B*no) =——— 

B*B' ng? 
where 


B*=B'5'/(5+-8’). 


The solution of (7) can be divided into two different 
ranges: 
B*n?>1, (8) 


aly, 
ol yy/B*ng? <1. (9) 


The cubic term of (7) is important only when n,/no>1; 
that is, when al,,/B*n?>1, since 6/8’noK1 for the 


traps considered in this paper [see Eq. (6) ]. But this 


solution cannot be applied since for all practical cases 
aly, is much smaller than 6*n,? if we assume 10'* traps 
per unit volume (9) and 6* of the order of 10~'' cm*/sec. 
The latter assumption is required to account for the 
relatively short duration of the light flashes produced by 
alpha-particles. If the cubic term in Eq. (7) is canceled, 
a quadratic equation is obtained to which, if necessary, 
the cubic term can be added as a correction factor. 
The following solution is obtained : 

5'no “) 

s* No 


Ne (= uv 8'No +|(<=- 
ie B¥ne? -——} B¥ ne? 
faly, 6 7 
+—— . (10) 
B’no 


BF ne? 


Here again it is convenient to discriminate between two 
ranges : 
al yy/8'no> 1, (11) 
aly, /5'ng<1. (12) 


In the first range we get the following approximate 
solution : 


n,/No= al yy/B*n¢?, (13) 


if (14) and (9) are fulfilled. m./n» depends linearly on 
the light intensity. 


al uy B*ne?>é B’no. (14) 
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In this range one finds m,~mo and %,~’non./5 where 
5=5)+4' and if 4’ is small n, can be easily determined 
using the equivalent of Eq. (6) for 8’ and dp. 

Deviation from this linear dependency occurs when 
al ,,8'/5no8* approaches or becomes less than 1; for 
very small Jy, the linear curve goes over to a relation- 
ship of the following type: -/mo=const/,,*, where a 
is less than one and approaches 3. 

In the latter case 

n,/no=([ (al uv/B*no?)(5/B'no) |}, (15) 

al yy ‘B*neKb /B'no, (16) 

where 6)/8’ is again known from the statistical con- 

sideration. It should be noted that 6’ appears in this 
equation mainly by the factor 6= 69+ 6’. 

If, however, alyy/6'no becomes <1, n./no drops be- 
low the curves calculated from (13) and (15) and the 
following relationship is obtained : 


n./Nno= (al yy/B*no?)(68*/6'B’), (17a) 
5'B’/58*>>4al yy /5'No. (17b) 


Equation (17a) holds when Eq. (17b) is fulfilled, which 
is true in most cases. The drop to curve (17) can be- 
come noticeable either in the linear part [Eq. (13)] or 
in the lower part of the curve [see Eq. (15) and Fig. 
19 |. Equation (17) also shows a linear dependence on 
I. This linear dependence, however, may not be a real 
one, since up to now we have neglected the fact that 
5’ may itself depend on ny. Such a dependency can be 
taken into account by describing 6’ in terms of do: 


5’ = edo, (18a) 
5’ = e5on:/ Na, (18b) 


where ¢ is smaller than one. Assuming that all trapped 
electrons m; are located near ionized activators leads 





Fic. 19. Theoretical curves showing electron density in con- 
ductivity band as a function of exciting intensity for various 
values of 3’ 
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to (18a). If only mq of the nm, activator atoms are 
ionized only a portion (/n,) of the trapped electrons 
may have an opportunity of recombining with a posi- 
tive charge and since my is practically equal to m; in all 
our approximations, one obtains (18b). Now according 
to (3) for the stationary state n.= 6n,/B’np, if one real- 
izes that for all cases where deviations of (13) occur m, 
is no longer ~mpo. If this relationship is used for m; in 
(18b) and the value for 6’ in (17) substituted in (18b), 
Eq. (19) is obtained. 

Ne ‘no=(C(al uv B* no?) (B* bona €B’2ng?) |}. (19) 


Thus one gets a square root dependency again between 
n, and the exciting intensity. The first term in the 
square root is equal to that of Eq. (13); the second one 
gives the effect of the recombination of the trapped 
electrons with the positive charge. Equation (19) is 
only valid under condition (12) and (17b), otherwise 
Eq. (14) or (15) holds. With 6*/8’ of the order of 10~ 
and with ,/no~ 100, Eq. (19) yields much smaller n, 
values than (14) and (15). 

Curve 194A gives the plot of the solution of Eq. (10) 
under condition (11). Curves 19B, C, D give the shape 
of the curves with various values of 6’. The main result 
of these calculations is that they show how a relatively 
small leakage factor from the traps (6’) changes the 
character of the curves completely (from shape A in 
Fig. 19 to B to D) and may account for a drop in the 
light and current curves below the linearity (see the 
experimental curve 14) and a quenching factor of 90 
percent for small excitation intensities. It may be noted 
that the electron density values , give the current in- 
tensity directly and that the emitted light intensity can 
be determined from , with the help of the relationship 
between n, and 7m, and the third term in (5). If the 
leakage from the traps is accompanied by radiation, 
the term 6’n; in (3) also gives a contribution to the 
light emission. 

Up to now, we have described 6’ without any special 
assumption about the elementary processes. It may be 
that such a leakage occurs just by thermal impacts in 
traps which are associated with ionized activators or 
that the positive charge localized at the activators is 
removed to the valence band and while passing a 
trapped electron recombines with this electron. All 
these possibilities are included in our calculation. 

For the special case of the infrared radiation used, 6’ 
can be evaluated more exactly by assuming that 10" 
trapped electrons (associated with ionized activators) 
covering unit area have approximately the absorption 
coefficient one for the infrared light. Under this assump- 
tion one obtains the following value for 6’ similar to 
(18b). 


8’=10-n,/na. (20) 


In Fig. 20 the resulting curve is drawn for a range of 
uv intensities. It is seen that for large uv intensities 
the effect of the infrared light is very small, whereas 
for a small uv intensity a large quenching is obtained. 
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Again no specific assumption has been made as to 
how the infrared radiation releases the trapped electron. 
If the released electron is brought by infrared irradiation 
directly to an emission level, then a decrease in current 
intensity without a decrease in light intensity would be 
observed. If the infrared irradiation brings about a re- 
combination of the trapped electrons with a positive 
charge without light emission, for instance by releasing 
the positive charge from the localization at the activators 
into the valence band, then the positive charges may 
collide with the trapped electron without light emis- 
sion. Again the electric current is decreased below the 
values of (13) and (15), but in this case the decrease in 
current would be accompanied by a similar decrease in 
light intensity. 

Vv. COMPARISON BETWEEN EXPERIMENTS 
AND THEORY 


A. Stationary Conditions 


As already indicated, the above derived formulas 
can account for our experimental results and those 
described in literature.*> Such a varying relationship 
as is there described is obtained if a considerable number 
of traps are present and the constant 4» of the traps is 
relatively small (14) (deep traps). If the number of 
traps is small enough, a relationship of a=} is always 
found [conditions (8) and (16) ]. The linear range is 
obtained when the traps are already practically filled, 
but the number of electrons in the conductivity band 
is still small. The moment this number (”,) approaches 
or exceeds mo, the square root relationship again occurs 
as can be seen from (7). But with only a very small 
number of traps (#%o~ 10") this region would be reached 
with light intensities of 10 pwatt/cm*. In such a case 
range with a linear relationship between current and 
light intensities would exist. The separation between 
the linear and the square root range is determined by 
the constant do. For larger 59, the region where the 
square root law prevails is extended to higher exciting 
intensities. Since 59 increases with increasing tempera- 
ture, it should be expected that at low temperature the 
linear relationship holds, whereas at high enough tem- 
peratures the square root relationship must prevail 
within the same ranges of light intensities. This is 
just what was found in the experiments of Bube. This 
relationship holds only as long as practically no direct 
combination of the traps with the positive charges 
occurs. With 4’ very small compared to 49 (<10~*%o) 
curve A of Fig. 19 is obtained. The different values 
given for a in literature indicates that these authors 
have worked on different ranges of curve A. Curves B, 
C, and D are drawn for 6’ larger than the above men- 
tioned value. Their upper portions (n./no>10~') are 
similar to the curves we have found in our current 
experiments, but this interpretation of our curves 
remains uncertain as long as it is not completely 
established that the current-intensity relaitonship is 
not essentially distorted by the contacts or non-uniform 
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Fic. 20. Theoretical curve showing electron density in con- 
ductivity band as a function of exciting intensity assuming that 
6’ is proportional to ny when na~n:. 


excitation within the powder (see Sec. IV A and Fig. 
8). There is, however, another reason which seems to 
favor the introduction of a recombination between the 
electrons in the traps and the positive charges without 
the electrons passing through the conductivity band. 
This is the observation that in some powders the light 
efficiency decreases with decreasing exciting intensity 
(see Fig. 14). As already stated, the light efficiency is 
constant along the whole curve A of Fig. 18 and also 
along the curve B, C, and D, if the third term in (3) 
describes radiative transitions. If some of these transi- 
tions are nonradiative, the light efficiency goes down 
the moment the curve for n./no deviates considerably 
below the curve A of Fig. 19. The observed decrease in 
light efficiency seems to be a confirmation of the pro- 
posed type of reaction with 6’ only partly radiative. 
The same mechanism gives an understanding for the 
influence of infrared light on the current and light 
emission. The curves of Fig. 19 shows what happens 
when 6’ is considerably enlarged by the additional 
infrared irradiation. There then occurs a shift from a 
curve with smaller 6’ to one with larger 6’. At very 
large uv intensities the number of electrons brought 
from the traps to the positive charge by infrared light 
is small compared to the number of electrons excited 
by the uv light and, therefore, at high exciting in- 
tensities (a/,y>>5’no) the quenching effect is relatively 
small (as observed with all powders). With decreasing 
uv light intensity the reaction in question becomes 
considerable, and the m,./mo curves drop below the 
values of the curves with smaller 4’ giving a very high 
quenching factor at low intensities. The fact that in 
the steady state the current-intensity curves drop 
considerably with all powders is another support for 
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the assumption that in all these powders the infrared 
light induces a recombination of the trapped electrons 
with the positive charge without contributing to the 
It is very interesting to see that such transi- 


current 
tions occur in practically all powders. 

If now the light emission curves are considered, their 
shape depends again upon the extent to which the 


factor 6’ in (3) describes radiative or nonradiative 
transitions 

In some powders the effect of the additional infrared 
irradiation is to decrease the steady light emission, but 
this decrease is smaller than the relative decrease in 
current by the same additional infrared irradiation. 
lhis indicates again that the 6’ transition leads partly 
to radiative recombinations. The process which is re- 
sponsible for the light emission decrease could be that 
in which the infrared light transfers the positive charge 
from the localized activator to the valence band (one 
electron is raised from this band to the ionized activator) 
so that the positive charge recombines with the trapped 
electron transferring the available energy to the lattice. 
It would be reasonable to assume that these two proc- 
esses (radiative and nonradiative) are induced by dif- 
ferent wavelengths, but up to now we have not yet 
observed such an influence of different wavelengths. 
It also seems that for longer wavelengths around 1.3 
microns the same effects occur. More experiments on 
these points are underway. 

In the calculations we have assumed that at least a 
certain portion of the mo traps are associated with 
activators. Some of these traps associated with ac- 
tivators may be associated with non-ionized activators 
and some with ionized activators, and only those latter 
ones are effective for recombination. It may seem 
strange to assume that these traps already exist as 
traps when the activators are not yet ionized. It is 
possible to modify this consideration by assuming that 
the traps associated with activators only exist if the 
activators are ionized, but the light and current curves 
cannot be explained with this assumption alone as will 
be shown in the section dealing with nonstationary 
processes. We have made the above assumption of 
associated traps already existing without ionization to 
explain the nonstationary effects. It may be that this 
assumption is still an over-simplification and that the 
true processes are better represented by a model con- 
taining at least two different types of traps, some of 
which are associated with activators and which are 
sensitive to infrared light, and others which are much 
less sensitive to infrared light and which, when emptied, 
give only a relatively small amount of light emission. 
A quite different method has been developed to detect 
such traps, and such experiments seem to support the 
idea of two different types of traps. 


B. Nonstationary Conditions 


Still more information about the prevailing processes 
can be obtained by considering the nonstationary effects 
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which occur immediately after the turning on or re- 
moval of the infrared irradiation during and after uv 
excitation. If infrared irradiation is added during uv 
excitation, at the very beginning an increase in current 
intensity is observed which is followed within seconds 
by the strong quenching effect of the infrared light 
(see Figs. 13 and 15). Such a behavior follows im- 
mediately from Eq. (3), if it is assumed that the infrared 
irradiation also increases the factor 69. This would 
mean that the infrared radiation also brings some of 
the trapped electrons directly into the conductivity 
band (see Sec. IV A). This increase in 69 constitutes an 
increase in the number of electrons in the conductivity 
band, but at the same time the number m, decreases 
since a large amount of electrons recombine under the 
influence of infrared irradiation with a positive charge 
without giving a contribution to the conductivity (6’). 
If the increase of 6’ by the infrared irradiation is large 
enough, the decrease in m, more than compensates the 
increase of 69 by the infrared light and as a conse- 
quence a strong drop of the current below its original 
value occurs after a certain interval. In the steady 
state the number », is thus decreased for two reasons: 
an increase in 6’ and an increase in 49. This means that 
during the steady state an additional transfer of elec- 
trons from the traps to the conductivity band takes 
place constantly but is overshadowed by the additional 
transfer of electrons from the traps to the positive 
charge without contribution to the conductivity (Sec. 
IV A). The fact that in all these powders quenching 
prevails indicates that the increase in 69 is only small. 
It may be that the increase in 49 which is indicated by 
the initial rise of the current is not so much a transfer 
of electrons from the traps directly to the conductivity 
band under the influence of infrared radiation but may 
be a thermal transfer to the conductivity band of elec- 
trons, from the emission level of the activators to which 
they had been brought by the infrared light. It may also 
be as already mentioned, that two different types of 
traps exist: one from which the electrons are trans- 
ferred to the conductivity level by infrared light and 
another type from which the infrared light removes the 
electron without bringing them into the conductivity 
band. 

If the infrared light is switched off, the effect is a 
strong decrease in 6’ and a certain decrease in 69. The 
latter means that now less electrons are transferred 
from the traps to the conductivity band (directly or 
by way of the emission levels), thus the first effect of 
the removal of the infrared light is a further dip in 
the current. This drop will be more pronounced the 
larger the initial peak in the current curve is since 
both the peak at the beginning of the infrared irradia- 
tion and the dip at the end of the infrared irradiation 
depends upon the change of 69 by the infrared light. 
But very soon the number m, increases since no addi- 
tional drain is exerted on the trapped electrons, and, 
therefore, the current intensity slowly rises to its 
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original value before the turning on of the infrared 
light. The time of this rise mainly depends on the 
number of mp of the traps to be filled and on the exciting 
radiation, if we are on the linear part of the curves of 
Fig. 19. Therefore, mo/aJ gives the order of magnitude 
of this rise time. From the measured rise time we 
estimate the number of empty traps to be of the order 
of 10!*/cm*. 

In the same way the dependence of the emitted light 
on the infrared irradiation can be evaluated. The 
initial effect of infrared light is mainly an additional 
transfer of electrons from the traps to the emission 
level of the activators which induces an additional in- 
crease in light intensity until the number of trapped 
electrons are reduced to the stationary value under 
combined ultraviolet and infrared irradiation. This 
explains the large increase in light intensity immedi- 
ately following the turning on of the infrared light in 
our experiments, especially at low intensities (Table 
ITI and Fig. 15). This rise in intensity has nothing to do 
with the rise in the current curve since the current peak 
is due to an increase in 5), whereas the light peak is due 
to an increase in 6’. The difference between the light 
and the current curves are thus evidence for a transfer 
of electrons to the emission level without passing 
through the conductivity band. The steady value of the 
light emission depends on the extent to which the 6’ 
processes are accompanied by light emission (see 
Sec. IV A). 

The moment the infrared light is removed, the addi- 
tional light emission accompanying the removal of the 
electrons from the traps disappears and the light 
emission only takes place from the conductivity band 
or the shallow traps of Eq. (5). Since n, is very low im- 
mediately after the removal of the infrared radiation, 
a strong decrease in light emission should occur in all 
powders. In fact our experiment with low exciting in- 
tensities show such decrease in light emission even with 
a powder of very high stimulability. After this drop in 
intensity, m-/mo increases and thus makes the light 
intensity increase in a similar way to the increase of 
conductivity. This is just what was found in our 
experiments. 

The behavior of the light and current curves is, 
however, quite different if such measurements were 
carried through during the decay and not during uv 
excitation. The current decay curves differ considerably 
from the light decay curves which may again be at- 
tributed to the existence of traps associated to the 
activator atoms as well as nonassociated traps. If the 
electrons in the associated traps also undergo a direct 
transition from the traps to the emission level by ther- 
mal agitation, powders with many associated traps 
may show an extended light decay curve without having 
a similar current decay curve. A detailed knowledge of 
the character of the different traps is necessary to under- 
stand these curves in detail, but there are two other 
striking effects which yield interesting information on 
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these processes. The current decay curves for different 
exciting intensities tend to merge to one single curve 
for longer decay times (see curves 9 and 10). This can 
be understood if the real decay process is of the hyper- 
bolic type and yields a formula of the following form: 


n-=(n_)o/(1+«t); «=B*(n-.)o. (21) 


For a time large compared to 1/x these curves are 
always of the form of 

n.=1/B*t, (22) 
independent of (.)o. The time at which this merging 
occurs should depend on the initial values of (”.)o. In 
the case of the powder A the current decay curves 
seem to follow such a relationship, but in the case of 
the powder ZL the behavior is different. The shape of 
the curves of Fig. 10 can perhaps be understood from 
the assumption that traps of different depths and char- 
acter exist. 

If now the influence of infrared light along the decay 
curve is studied it is found as shown in Fig. 13 (see 
Sec. III, D2) that the initial peak in the curve becomes 
more pronounced compared to the quenching effect of 
the infrared light. This is just what can be derived 
from our equations. The peak in the curves is given by 
the increase in 6) and by the number of electrons in 
the traps at the beginning of the infrared irradiation. 
The number of trapped electrons at any point of the 
decay curve has not yet decreased as much as the 
number of electrons in the conductivity band. Since the 
peak depends on Ado Xn, and since the quenching effect 
depends on ”, the quenching effect is less pronounced 
the further we go along the decay curve. For very 
large decay times the quenching effect may even com- 
pletely disappear since the number of electrons in the 
conductivity band before infrared irradiation is much 
smaller than the increase in this number due to the 
increase in 69 by infrared light. This is exactly what 
was observed with most of the powders. The longer the 
decay time the less pronounced becomes the quenching 
effect. 

The proposed theory is supposed to be essentially a 
first guide to the understanding of the observed effects. 
We have the feeling that the basic ideas of the pre- 
sented model gives an adequate over-all explanation of 
the observations. There are, however, major results 
which require further considerations; in particular the 
dependence of the induced current on voltage and the 
influence of this dependence on the current vs light 
intensity curves, and the failure to detect weak gamma- 
radiations by noting changes in the current. One reason 
for the inability of detection is, without doubt, con- 
nected to the fact that our picture deals only with one 
or two types of traps, whereas in reality more types of 
traps must be considered. Further experiments have 
already provided evidence that traps exist, which be- 
have quite differently from each other under infrared 
irradiation and with respect to their light emission. 
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It is shown that a positive interphase surface energy leads to hysteresis in the superconducting-normal 
conducting phase transition in a magnetic field. The argument is based on the simple thermodynamic theory 
of the phase transition. In view of these arguments, the magnetization curves of superconductors with 
various simple geometries are discussed. It is shown that either superheating or supercooling or both may 


occur depending on the particular geometry involved. 





I. INTRODUCTION 


N a recent publication! a mechanism was suggested 
to explain the hysteresis observed in the phase 
transition for the particular experiment reported. If the 
argument is now generalized to include those geometries 
usually used in making magnetic measurements on 
superconductors, we find that hysteresis (both super- 
heating and supercooling) should be observed quite 
generally if there is a positive interphase surface energy. 
We can express the arguments of I in the following 
more general form. When a sample is carried from a 
pure phase (either superconducting or normal con- 
ducting) to either the intermediate state or to the other 
phase, the transition is made by the growth of nuclei 
of the latter phase. The conditions which determine 
the values of the thermodynamic coordinates at the 
transition, therefore, are not the conditions of equi- 
librium between the two phases in bulk, but are the 
conditions which allow the growth of small nuclei of 
the second phase. Under the conditions of constant 
temperature and magnetic field, the system can only 
change in such a manner that the Gibbs free energy 
decreases. Thus, to find the conditions for the growth 
of nuclei we merely find the manner in which the Gibbs 
free energy changes with the growth of small nuclei of 
one phase appearing in the bulk of the other phase. 
For a superconducting nucleus in a normal conducting 
sample, the Gibbs free energy G,, of the system is given 
by 


89Gon= (H?— H2)V A 88nd ns, (la) 


where the zero of free energy is taken as that of the 
whole sample in the normal conducting phase. For a 
normal conducting nucleus in a superconducting sample, 
the Gibbs free energy G,, of the system is given by 


8aGns= (H2— H*)V +8 ansA ns, (1b) 


where the zero of free energy is taken as that of the 
whole sample in the superconducting phase. The vari- 
ables in Eqs. (1) are defined as: H,=critical magnetic 
field (that value of the field at which the free energies 
of the superconducting state and normal conducting 
state are equal for large samples) ; H =the applied mag- 
netic field; V,=the volume of a normal conducting 


“IM. P. Garfunkel and B. Serin, Phys. Rev. 85, 834 (1952). 
This paper will be referred to as I. 


nucleus; V.=the volume of a superconducting nucleus; 
Q@,n;=the interphase surface energy density; and A,, 
=the interphase surface area. 

Since the Gibbs free energy depends on the shape of 
the nucleus, the shape with the lowest free energy is 
the one we should consider. This shape depends on the 
relative contributions of the magnetic energy term 
(this increases with increasing demagnetization) and 
the surface energy term (this increases with increasing 
surface to volume ratio). For small nuclei, where the 
surface energy term is relatively large, we expect the 
nucleus to have an almost spherical shape, while for 
larger regions, where the surface energy term is rela- 
tively small, we expect the nuclei to be needle shaped, 
since this reduces the demagnetization. In the discus- 
sion we will not include corrections for demagnetiza- 
tion. This omission will cause the surface energy density 
to appear larger than its actual value but will not cause 
any qualitative changes in the argument. 

It is clear from Eqs. (1) that if a,,>0, then G>O 
for any value of the magnetic field, if we select suf- 
ficiently small nuclei. Therefore, we see that under the 
above conditions the nuclei will not grow, since an 
increase in free energy is required over that of the 
homogeneous phase. This difficulty can be removed, 
as in I, by means of the following argument.” The surface 
energy is not distributed over a mathematical surface, 
but is spread over a finite region normal to the interface. 
If the extent of this region normal to the interface is Ro, 
then when we consider regions of dimensions smaller 
than Ro, we can no longer treat a surface energy, but 
must consider a volume energy which is of density 
Qns/Ro.* Thus, the free energies must be rewritten in 


2 It is not necessary to assume this argument. We might also 
use a fluctuation theory. That is, if we assume that the two phases 
differ in the distribution of electrons (in k-space) then it is pos- 
sible to initiate the transition by fluctuations of the distribution. 
However, it is necessary that the regions considered be small in 
order that the fluctuations be sufficiently large to correspond to 
a change in phase. And if a nucleus can be created by fluctuations 
we still must find the conditions for its growth, yielding, essentially 
the same argument as appears in the text. 

* Note added in proof: In I the energy density term is taken as 
3ans/Ro. This is not correct and should be ans/Ro. If we assume a 
uniform distribution of energy across the region Ro, the density, 
ans/Ro is independent of the size of the region, but if the distribu- 
tion is not uniform, the density will be a function of the dimensions 
of the region we consider. We have, however, considered ans/Ro 
to be constant in this analysis. 


108 





EFFECT 
the following form: 

(H?— H.?)Vet8manA ns, for V.>>Ro’, 
cial telipalesecn Ro, for ViK<Ro?, 
a Vespers ny for Va>>Ro’, 

(H.2—H*)Vnt82V nans/Ro, for VaKRo*, 


where the zeros of free energy are taken as in Eggs. (1). 

We see that now it is possible to find a value of 
magnetic field so that the free energy can be reduced 
by the formation of small nuclei. And once the nucleus 
exists the free energy can decrease as the nucleus grows 
in size. The condition, then, for the growth of a nucleus 
is (dG/dV)y<r»<0, where V is the volume of the 
nucleus. 

In the case of a normal conducting nucleus in super- 
conducting material, this condition becomes 


H?2— H?+8mans/Ro <0. 


The transition will occur when the magnetic field 
attains the value given by 


I? =H 2+ 8rains/ Ro. (32) 


In a similar manner we find that the transition from 
the normal conducting phase will occur when the mag- 
netic field is reduced to the value given by 


R= H2- Strains Ro. 


It might be here pointed out that the actual transition 
need not take place by the growth of a nucleus since 
nucleation at the above value of field can occur every- 
where. Thus, the transition can, ideally, occur through- 
out the material. 


(3b) 


II. IDEAL MAGNETIZATION CURVES 


The discussion above should apply directly to the 
transition of an infinite cylinder in a longitudinal mag- 
netic field, indicating that we should find both super- 
heating and supercooling. Figure 1A is the ideal mag- 
netization curve for an infinite cylinder in both 
increasing and decreasing magnetic field.’ 

A finite cylinder in a longitudinal magnetic field will 
not exhibit both superheating and supercooling. The 
reason for this lies in the effect of the demagnetization 
that occurs at the ends. In the case of increasing mag- 
netic field, since the sample is superconducting and has 
a susceptibility of (— 1/47), there is a demagnetization 
which distorts the field around the ends of the cylinder. 
This causes the field to exceed the critical value at 
some points on the end, even though the applied field 
may be well below the critical value. Therefore, the 
ends of the cylinder must make a transition to the 
intermediate state before the applied field is equal to H.. 
When the applied field attains the critical value, the 


3 The curves of Fig. 1 have been drawn using a critical field of 
oersteds and a value of an,/Ry~1 erg/cm* as obtained in I. 
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Fic. 1. Ideal magnetization curves: (A) infinite cylinder in 
longitudinal magnetic field; (B) finite cylinder in longitudinal 
magnetic field; (C) infinite cylinder in transverse magnetic field; 
and (D) sphere in magnetic field. 


normal conducting domains of the intermediate state 
can grow until the whole cylinder is normal conducting, 
and we see that no nucleation at H=H, is necessary. 
The rounding of the magnetization curve in Fig. 1B 
in increasing field is due to the transition of the ends to 
the intermediate state. In decreasing field, since the 
sample is normal conducting, there is no demagnetiza- 
tion and the field on the sample is everywhere equal to 
the applied field. Thus, when the value of the field drops 
below the critical value we do not have a supercon- 
ducting domain present to grow, but must form a 
nucleus as in the case of an infinite cylinder, and we 
expect supercooling.*~® 

Figure 1C is the magnetization curve for an infinite 
cylinder in a transverse magnetic field. In this case we 
have the usual effect of demagnetization causing the 
magnetic field at the edge of the cylinder to be twice 
the applied magnetic field when the cylinder is super- 
conducting. When the applied field is 4H, the field at 
the edge is H.. Since at this value of magnetic field 
there are no normal conducting nuclei present, we 
expect the sample to superheat as is shown in the 
increasing field case of Fig. 1C. When the conditions for 
nucleation are met there will be a discontinuous transi- 
tion to the intermediate state. In the intermediate state, 
the boundaries of the domains adjust themselves to 
maintain the magnetic field at H. on the boundary.’ 


‘ This supercooling is not always observed, as was the case in 
the experiment reported in I. However, when the experiment was 
done more carefully (see note added in proof to I) on the same 
sample, supercooling was observed. The explanation may lie in 
the treatment of the sample. The cylinder used in I has one end 
cut off, leaving a ragged, deformed surface. The local strains that 
occur at such a section may well cause an appreciable change in 
the critical magnetic field in small regions. Thus, if the field is 
only slightly greater than the critical field for the bulk of the 
sample, there may still be some sections which are supercon- 
ducting, and which can act as nuclei when the decreasing field 
magnetization curve is taken. 

5 W. F. Love, Phys. Rev. 85, 650 (1952). 

®*W. J. DeHaas and J. Voogd, Leiden Comm. No. 191 d (1928). 

7 This is not quite true. It applies only if the boundaries are 
plane. If the boundaries are curved, the surface tension exerts a 














110 ee 


Thus, the cylinder will remain in the intermediate state 
until the applied field attains the value H,.*:* This 
completes the transition in increasing magnetic field. 
For fields greater than critical there is no demagnetiza- 
tion and the field is everywhere equal to the applied 
value. As the field is reduced below the critical value a 
transition is not made to the intermediate state until 
the conditions for the growth of a superconducting 
nucleus are reached, at which value of magnetic field 
there is a discontinuous transition to the intermediate 
state, as is indicated by the supercooling in Fig. 1C. 
The transition from the intermediate state then pro- 
ceeds by the growth of the superconducting domains, 
maintaining the field at the phase boundaries equal to 
H.? until the applied field drops to $H,.°! 

Figure 1D is the magnetization curve for a sphere. 
The characteristics of the magnetization curve of a 
sphere are the same as those of a cylinder in a transverse 
magnetic field except that the demagnetization is dif- 
ferent, giving 37H, rather than 3H, for the value of the 
applied field at which the critical field is attained at 
some regions of the surface. 


pressure normal to the interface and the equilibrium value of field 
is somewhat changed from H,. 

* This is the case even though the free energy of the normal 
conducting state is somewhat less than the free energy of the 
intermediate state at a value of the field slightly less than the 
[E. R. Andrews, Proc. Roy. Soc. (London) A194, 
98 (1948 rhe reason, as before, is that the transition would 
require a free energy rise before the final reduction that occurs 
on completion of the transition. 

*» This has been observed by Désirant and Shoenberg, Proc. Roy. 
Soc. (London) A194, 63 (1948). 

10 The argument here is analogous to that presented for the 
intermediate state to the normal state (see 


critical value 


transition from the 
reference 8). 
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III. CONCLUSION 


We see that both superheating and supercooling are 
general properties of the ideal superconductive transi- 
tion in a magnetic field. The details of the hysteresis 
effects, however, depend on the geometry of the speci- 
men relative to the magnetic field. 

The surface energy is seen to prevent the establish- 
ment of equilibrium conditions and therefore a deter- 
mination of the surface energy density by the method of 
Désirant and Shoenberg’ becomes suspect, since it is 
not clear that equilibrium conditions exist at all 
points of the magnetization curve. In fact, on the basis 
of the observed hysteresis, it would seem quite likely 
that both superheating and supercooling were obscuring 
the desired equilibrium transition field values. 

The surface energy can be considered to exist on a 
mathematical surface only when the interphase surface 
bounds a large region. For very small regions we must 
consider the ‘‘surface” energy to be a volume energy. 
It is not quite clear as to the method that should be 
employed in considering thin superconducting films, but 
one would certainly expect a modification of the usual 
treatment,'' where the surface energy is considered to 
maintain its surface nature to very small regions. Pos- 
sibly, the method suggested by Pippard” can be shown 
to be the correct approach for thin films. 

Finally, from the manner in which we have described 
the surface energy, we see that determination of the 
magnetization curves of the simple geometries discussed 
above does not yield information about the surface 
energy density itself, but only about the ratio a,,/Ro. 


1 See, for example, F. London, Superfluids (John Wiley and 
Sons, Inc., New York, 1950), Vol. 1, §22. 
2 A. B. Pippard, Proc. Cambridge Phil. Soc. 47, 617 (1951). 
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An ergodic theorem is a statement of the equality of the time averages of the physical properties of a 
system and the averages of these quantities obtained from the consideration of a Gibbsian ensemble of 
identical systems. It is shown that, in quantum statistical mechanics, a necessary and sufficient condition 
for the existence of an ergodic theorem can be derived for a system in weak energetic interaction with its 
surroundings. This necessary and sufficient condition for the equality of time and (microcanonical) ensemble 
averages is that all operators invariant in time shall reduce to constant multiples of the unit operator when 
applied to the system itself. It is shown that the conditions for ergodicity are formally analogous to those 
derived by von Neumann for classical statistical mechanics. No assumption of “molecular chaos” is made. 





I. INTRODUCTION 


NE of the fundamental problems in the theory of 

statistical mechanics is to show that the properties 
of a system calculated by averaging over a suitable 
Gibbsian ensemble are equal to the time averages of 
these properties calculated for the actual system. This 
problem has been known since Maxwell and Boltzmann 
as the ergodic problem' and theorems asserting the 
equality of time and ensemble averages under certain 
conditions are called ergodic theorems. The proof of an 
ergodic theorem is a logically necessary step in justi- 
fying the application of the Gibbsian ensemble method 
of statistical mechanics to actual systems. This remark 
is true whether the underlying mechanics is classical or 
quantum mechanical. 

In the case of classical mechanics the ergodic problem 
has been reformulated by the work? of Koopman, von 
Neumann, Birkhoff, and others who were able to 
demonstrate the equality of time and ensemble averages 
if one grants the assumption of “metric transitivity.” 
In brief, this assumption requires that the only con- 
stants of the motion for the system are constant func- 
tions over phase space (i.e., functions independent of 
the coordinates and momenta of the system). An alter- 
nate statement of the assumption is the requirement 
that all regions of phase space are accessible to the 
system. The ergodic problem is thereby reduced to that 
of verifying the existence of metric transitivity. (It is 
important to note that no assumptions of “molecular 
chaos,” that is no assumptions as to a fundamental 
randomness in nature, are made in this theory.) 

In the quantum-mechanical case the ergodic problem 
has been studied by many authors.’ A rather detailed 


1 For the classical discussion of the early history of this problem 
see P. and T. Ehrenfest, Enzyklop. d. Math. Wiss. (Leipzig, 1912) 
Bd. IV, Heft 32. 

2B. O. Koopman, Proc. Natl. Acad. Sci. 17, 315 (1931); J. v. 
Neumann, Proc. Natl. Acad. Sci. 18, 70 (1932); G. D. Birkhoff, 
Proc. Natl. Acad. Sci. 17, 656 (1931). See also Eberhard Hopf, 
Ergodentheorie (Chelsea Publishing Company, New York, 1948) 
and A. I. Khinchin, Mathematical Foundations of Statistical 
Mechanics (Dover Publications, Inc., New York, 1949). 

3W. Pauli, Sommerfeld Festschrift, Probleme der Moderne 
Physik (Leipzig, 1928), p. 30; J. v. Neumann, Z. Physik 57, 30 
(1929); W. Pauli and M. Fierz, Z. Physik 106, 572 (1938); E. C. 
Kemble, Phys. Rev. 56, 1013 and 1146 (1939). See also M. Born 


discussion of the works of Pauli and von Neumann has 
been given by Kemble and we shall not attempt to 
discuss them here. None of these authors has given a 
simple criterion for ergodicity (equality of time and 
ensemble averages) which can play the role in quantum 
mechanics that metric transitivity does in classical 
mechanics. It is the purpose of this paper to develop 
such a necessary and sufficient condition for ergodicity. 
The main conclusions of the paper are summarized 
briefly below. 

It is shown that equality of time and ensemble aver- 
ages requires the presence of an interaction between the 
system and its surroundings, since in the absence of 
such interaction thermal equilibrium is not attained. 
The conditions on the interaction which are necessary 
and sufficient for ergodicity can be stated in a fashion 
closely analogous to the metric transitivity condition in 
classical statistical mechanics: the only operators in the 
inclusive system (including the surroundings) which are 
invariant in time are those operators which act like 
constant multiples of the unit operator when applied to 
the system itself. (All these terms are given precise 
definitions in the following sections.) More physically, 
under the influence of the interaction with the sur- 
roundings only constants (i.e., physical quantities 
having the same value in any state of the system itself) 
are invariant in time. One may also state the condition 
for ergodicity in a form analogous to the classical re- 
quirement of the accessibility of all points in phase 
space. No assumptions of “molecular chaos’ are 
required. 

Il. FORMULATION OF THE PROBLEM 

We are concerned with a physical system described 
by coordinates which we denote briefly by g. This 
system can be characterized by its Hamiltonian Hp, 
whose eigenvalues €, and eigenfunctions y,,(q) are 
determined by the Schrédinger equation 


Ho m(q) = €m¥m(q)- (1) 


It is assumed that the system is not perfectly isolated 
but rather that it is in weak energetic interaction with 


and H. S. Green, A General Kinetic Theory 4 Liquids (Cambridge 
University Press, Cambridge, 1949), Chap. V. 
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its surroundings, described by coordinates Q. The 
system plus its surroundings are assumed to be isolated 
from the rest of the universe. In order to formulate 
precisely the nature of the weak interaction between 
system and surroundings, let us write their total Hamil- 
tonian H as 


H=Ho+Hst+H1, (2) 


where //s is the Hamiltonian of the surroundings alone, 
acting on functions of Q and H, is the interaction term 
acting on functions of g and Q. We shall call the system 
plus its surroundings the inclusive system, characterized 
by the Hamiltonian H. 

Our assumption as to the interaction is that H; has 
no matrix elements connecting states of the system 
(eigenstates of Ho) with energies in the interval 
(e’, e+e) and states of the system with energies 
outside this interval. In other words, the interaction 
with the surroundings blurs the energy of the system 
into the (narrow) interval e’ to e’+Ae. The eigenstates 
vi(q) of Ho whose energies satisfy the inequality 
e' <e,<e'+ Ae will be assumed to be finite in number 
and will be numbered yy, ---, ¥, with corresponding 
energies €,,°**€,, Our assumption is equivalent to 
saying that the only states of the system which need 
to be considered are these n states. 

Our interest is in the average physical properties of 
the system itself. These physical properties are repre- 
sented by operators which, like Ho, act only on func- 
tions of g. The matrix elements of any such operator F 
with respect to the set of functions ¥1, ---, ¥. will be 
denoted by F,;. Because of the interaction of the system 
with its surroundings it will often be necessary, how- 
ever, to consider F as an operator in the inclusive 
system, i.e., on functions of g and Q. If we denote by 
v-(Q) the eigenfunctions of Hs, then a complete basis 
system of functions of g and Q is given by the set 
¥.:(q)¢-(Q). We can express the fact that F is a property 
of the system itself by stating that the matrix elements 
(ir|F| js) of F with respect to the set ig, have the 
property 


(ir| F| js) =F bre. (3) 


The time dependence of F is given by the equation 


dF /dt=(i/h)(HF—FH), (4) 
where H is the total Hamiltonian. The solution of Eq. 
(4) is 
F(t) =et# AF (O)e— th, (5) 
We are working in a Heisenberg representation and it 
will be seen from Eq. (5) that F(t) need not satisfy Eq. 
(3) even if F(0) does because of the interaction term 
in H, 
Now, if the inclusive system is in the state described 
by the wave function ¥(q,Q), then the expectation 
value of F at any time ¢ is given by (F(t), ¥) where 


J. 
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the notation stands for 


. (FOY, ¥)= faagurroy. (6) 


The time average (F)r of F is then appropriately 
defined by the equation 


(7) 


1 T 
(F)r= lim - f (F()Y, W)dt. 
vo eae 


It will be noticed that the time average (F)r depends 
in general on the state Y of the inclusive system. 

Now, in the usual approach to statistical mechanics, 
the average properties of the system are calculated by 
the use of an appropriate Gibbs ensemble which, in the 
case at hand, is the microcanonical ensemble. In 
quantum theory‘ this ensemble is given by its statistical 
operator or density matrix p whose matrix elements are 


"8.3, (8) 


since there are states of the system in the accessible 
energy interval, (e’, e’+Ae). The ensemble average of 
the operator F, (F)z, is then given by 


pij=n 


n 
(F) p= n— 2: F,,;. 


i=1 


(9) 


Our problem then is to determine conditions under 
which the ensemble average (F)x is equal to the time 
average (F)r where these quantities are defined in Eqs. 
(9) and (7). More physically, we want to establish the 
conditions (the nature of the interaction with the sur- 
roundings) under which the usual ensemble method of 
statistical mechanics will give results which are equal 
to those obtained from the time averages taken for the 
particular system of interest. 


III. CONDITIONS FOR AN ERGODIC THEOREM 


The ergodic theorem to be demonstrated is the proof 
of the equality of time and ensemble averages if certain 
conditions are satisfied. We get at this problem with 
the help of a theorem discussed in the Appendix which 
enables us to evaluate the time averages (F)r of the 
physical properties of the system. This theorem ex- 
presses (F)r as a linear combination of those operators 
R, referring to the inclusive system, which are constant 
in time, i.e., which commute with the total Hamiltonian 
H. One such time invariant operator is the unit operator 
1 for the inclusive system, since it obviously commutes 
with H. It is shown in the Appendix that the con- 
tribution to (F)r from the unit operator is equal to 
n~' >>; Fi, which is just the (microcanonical) ensemble 
average. Consequently, we must determine the condi- 


*See R. C. Tolman, The Principles of Statistical Mechanics 
(Oxford University Press, Oxford, 1938), Chap. IX; J. v. Neu- 
mann, Mathematische Grundlagen der Quanten mechanik (Dover 
Publications, Inc., New York, 1943), Chaps. IV and V. 
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tions under which the contributions to (F)r from all 
other time invariant operators R vanish, for every F 
which satisfies Eq. (3), ie., which represents a physical 
property of the system itself. 

As shown in the Appendix, the contribution to (F)r 
from an invariant operator R whose spur vanishes 
(x, -(ir| R|ir)=0) is proportional to the spur of the 
product FR. Hence all such spurs must vanish for 
invariant operators R so that 


Lise alin] Fl js)(Js| Rl in) =D ir Fabra js| Rl ir) 
=Lis Fy Do(jr| RI ir) =0. 


Now Eq. (10) must be satisfied for every operator F, 
which implies that 


X-(jr| R| ir) =0 


if the spur of R vanishes. 

If the invariant operator R has a nonvanishing spur 
then the contribution from R to (F)r is proportional to 
the expression $ defined by 


$=Spur(F)—[Spur(1)/Spur(R)]Spur(FR), (12) 


and we must find the conditions under which § vanishes 
for all F. A direct evaluation of the spurs using Eq. (3) 
for the matrix elements of F gives us as the conditions 
that S=0 for every F, the following equations, 


L-(jr|Rlir)=0 (ij), 
Dd -(ir| R| ir)=n— ¥;, -(ir| R| ir). 
Equation (14) implies that 


(10) 


(i, j=1, «++, n), (11) 


(13) 
(14) 
> -(ir| R|ir)=constant independent of i. (15) 


The conditions of Eqs. (12)-(15) can be summarized 
in a simple fashion. Let us consider the operator R on 
q functions derived from R in the following manner, 


(16) 


R=> f ee*@Res0). 


From its definition as the “Q-spur” of R, it is seen that 
the definition of R is independent of the particular set 
of functions ¢,(Q) used in Eq. (16). One may think of 
the operator R as the projection of R on g-space. Now 
Eqs. (12)-(15) tell us that if R has zero spur, then & 
must be identically zero, i.e., have all its matrix ele- 
ments R;;=¥,(ir| R| jr) equal to zero. Further, if R 
has a nonzero spur, then & is a constant multiple of the 
unit operator in g-space. The two cases (zero and 
nonzero spur) may be combined, since when the spur 
is zero, the operator R is zero times the unit operator 
in g-space. 


Theorem 


We may summarize our results in the following 
theorem: The time average of every operator F charac- 
terizing a physical property of the system itself is equal 
to the average of F over the microcanonical ensemble 
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if, and only if, every time invariant operator R of the 
inclusive system is such that its projection R in system 
space (g-space) is a constant multiple of the unit 
operator in g-space.® 

One aspect of this theorem is of particular interest. 
Among the time invariant operators for the inclusive 
system, i.e., those operators which commute with the 
Hamiltonian, are the projection operators P(W) of the 
stationary states ¥(q,Q) of the total Hamiltonian H. 
The consequences of our theorem for the states W are 
readily seen. We can write any WV in the form 


¥(q, Q)= Lis, airdi(g) or(Q). (17) 


The projection operator P(W) then has matrix elements 

with respect to the set Pig, given by 

(ir| P(W) | js) =ay*a;js. (18) 

Application of Eqs. (13) and (15) to these matrix 
elements tells us that 


DX +ai*aj-=0 (i¥)j), 


19 
ys dir 2=¢ (i=1,-- ( 


-,n). 


Equation (19) tells us that in every wave function ¥ 
of the total Hamiltonian H there appear all wave func- 
tions ¥; of Ho, the system Hamiltonian (or any other 
set of functions spanning this n dimensional space of 
function of g), and that each function appears with a 
coefficient of the same absolute value, these coefficients 
being orthogonal functions of Q. Equation (19) also 
tells us that no eigenfunction (g,Q) of the total 
Hamiltonian can be written as ¥(q)¢(Q); there are no 
product wave functions. 


IV. DISCUSSION 


In this section we shall try to discuss the physical 
significance of the results obtained above. The first 
point to be made is that a necessary and sufficient con- 
dition for the equality of time and ensemble averages, 
i.e., an ergodic theorem, has been derived for quantum- 
mechanical systems. This necessary and sufficient con- 
dition involves no assumption equivalent to “molecular 
chaos,” i.e., no statistical assumption, and it makes no 
appeal to perturbation theory. It appears that the only 
important question that can be raised is one concerning 
the adequacy of the model that has been used, namely, 


5 This result may readily be verified for the case of the parity 
operator, a constant of the motion. The total parity of the inclusive 
system is the product of the parity of the system and that of its 
surroundings. The spur of the total parity vanishes and, by using 
product wave functions of the type employed in the text, one 
can show that the corresponding operator R& is identically zero. 

The result cannot be verified for the components of the total 
linear and angular momentum and it is necessary to destroy the 
constancy of these quantities as discussed by Fowler and 
Guggenheim. See R. H. Fowler and E. A. Guggenheim, Statistical 
Thermodynamics (Cambridge University Press, Cambridge, 1949), 
pp. 10-11. 

The author would like to thank Professor Leslie L. Foldy for 
clarifying these points. 
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the inclusion of interactions between the system and 
its surroundings. 

On this point it may be said that the methods used in 
this paper show the necessity for including interactions 
in order to obtain an ergodic theorem. For, if one con- 
siders a truly isolated system, one cannot hope that the 
properties of this system will be correctly given by 
averaging over a statistical ensemble. The system will, 
in fact, be in a state which is either an eigenstate of its 
Hamiltonian or a linear combination of those eigen- 
states of the Hamiltonian which correspond to an 
energy eigenvalue equal to the energy of the system. 
The value of any physical property of the system is 
then just its expectation value for this particular state, 
and there is no possibility of ensemble averages giving 
the same result. In other words, the time average of any 
physical quantity would then depend upon the initial 
state of the system, and this is not what one wants in 
applying statistical mechanics to systems in equi- 
librium; the previous history of the system should not 
enier. One can say that the interaction with the sur- 
roundings is actually the mechanism which produces 
thermodynamic equilibrium and our work has indicated 
what that interaction must be like in order that the 
equilibrium “state” have the desired property of 
ergodicity.® 

A final point which we should like to discuss is the 
nature of our criterion for ergodicity, i.e., for the equality 
of time and ensemble averages. On the basis of the work 
of the preceding section we can say that a system is 
ergodic if, and only if, the only constants of the motion 
for the system itself are multiples of the unit operator 
for the system. (This is to be interpreted, in the sense 

Eqs. (13), (15), (16), as meaning that R for any 
invariant operator is a multiple of the unit operator for 
the system itself.) Now this criterion is the quantum- 
mechanical analog of the criterion derived by von 
Neumann® for ergodicity in classical systems: the only 
constants of the motion must be constants. This means 
classically constant functions in phase space and quan- 
tum-mechanically operators (R) whose values is 
independent of the state y,. Furthermore, the criterion 
on the wave functions of the total Hamiltonian ex- 
pressed in Eq. (19) is the quantum-mechanical analog 
of von Neumann’s classical condition that all points in 
phase space be equally accessible to the system, since 
Eq. (19) amounts to saying that all eigenfunctions of 
Ho, the Hamiltonian of the system, be contained “in 
equal strength” in every eigenfunction of the Hamil- 
tonian of the inclusive system. From this point of view 
it may be said that the theorem proved in this paper 
gives a mathematical formulation of the accessibility 
postulate invoked by Fowler and Guggenheim.’ 

* This approach to the physics of the ergodic problem is in 
general agreement with those used by Kemble and by Born and 
Green. See references in footnote 3. 


R. H. Fowler and E. A. Guggenheim, Statistical Thermo- 
dynamics (Cambridge University Press, Cambridge, 1949), Chap. 


MARTIN J. 


KLEIN 


In conclusion, the author would like to express his 
gratitude to Professor Laszlo Tisza for many stimu- 
lating discussions on the foundations of statistical 
mechanics. He would also like to thank Professor 
Leslie L. Foldy for helpful criticism. 


APPENDIX 


This appendix is devoted to a proof of the theorem 
which is used in the text for evaluating the time 
averages (F)r of the physical properties of the system. 
Our method is to show that the operators in question 
can themselves be considered as elements of a Hilbert 
space, that the time transformation of an operator 
expressed in Eq. (4) is a unitary transformation in this 
space, and that a well-established theorem can therefore 
be applied to evaluate (F)r. 

We point out first that the operators on a Hilbert 
space can be considered as elements of another Hilbert 
space.* (If the original space is finite dimensional no 
restrictions are necessary; if it is infinite dimensional 
only a subclass of operators satisfying a bouncedness 
condition should be considered.) This operator Hilbert 
space is set up in the following manner. Addition of 
operators and multiplication of an operator by a 
number are defined in an obvious way. An inner 
product [F,G] of two operators F, G is defined 
terms of the spur of their product by the equation 


[F, G]=Spur(FG"), (A-1) 
where G! is the adjoint of G. It is readily shown that 
this inner product is Hermitian symmetric and that it 
has the required algebraic properties. Furthermore, 


[F, F]=Spur(FP)=d04,8|Fas|?=0, (A-2) 


where the equality sign holds only if F is identically 
zero. Hence the norm of an operator F can be defined 
as the square root of [F, F ]. The completeness of the 


space can be shown from the Cauchy condition applied 
to the elements Fa. 

Now the time transformation Ul, of an operator F, 
from F(0) to F(¢), is a unitary transformation in this 


space. This follows since we define Ul, by the equation 
F()=U.F (0) =e" *FO)e (A-3) 
A direct substitution shows that the unitary condition 


[F(0), F(0)J=(F(), F()], (A-4) 


»—iHt/h 


is satisfied. 

In order to discuss the time average of F it is con- 
venient to make the time a discrete variable. The 
operator Ul will represent the transformation per unit 
time. More explicitly we write 


F(n)=U"F (0) = e'"# #®F(O)e— int, (A-5) 
The time average of F for any state W of the inclusive 

Ne sumann, Ann. Math. 41, 94 (1940), especially pp. 97- 
118 F ull mathematical details are given in this reference. 
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system is then given by 


(F) p= (FY, ©), (A-6) 


where the operator F is defined by the equation 


1 M-1 
F= lim — ¥ WF(0). (A-7) 


M~ 2 M k=0 


We must mention here that the convergence meant in 
the limiting operation of Eq. (A-7) is convergence in the 
sense of the operator norm (strong convergence in 
operator space). For Hermitian F we have 


1 M-1 2 
lim Spur( F—— eo we) =0, (A-8) 
Moe M 


k=0 


and this condition implies that every matrix element of 
F is equal to the limit of the corresponding matrix 
element of 


1 M-1 
— > Wr, 
M t=0 


for any set of basis functions. 

The existence of this limit for a unitary transforma- 
tion Ul on a Hilbert space is a standard result in the 
mathematical literature,? and was first demonstrated 
by von Neumann.’ The method of proof employed by 
von Neumann also evaluates the limit F in terms of 
the invariant operators R, i.e., those operators for 


® See the book by Hopf, reference 2, pp. 23-28. A very simple 
proof is given in P. R. Halmos, Finite Dimensional Vector Spaces 
(Princeton University Press, Princeton, 1948), p. 154. The 
theorem given in these references states the existence of and 

{-1 
WV > U*f where U is a unitary trans- 
: ) 

formation and f an element of a Hilbert space. Since the discussion 
above shows that the operators F can be considered as elements 
of a Hilbert space we are allowed to use this theorem in our 
problem. 


evaluates the limit of 
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which 


UR=R. (A-9) 


If we denote by $ the projection operator (acting on 
the elements of operator space) of the set of invariant 
operators R, then F is given by 

F=F(0). 

An orthonormal basis for the set of invariant opera- 

tors can be chosen by taking the unit operator, which 


is always invariant, and a set of operators S; which are 
invariant and which satisfy the conditions 


(A-10) 


Spur(S;)=0, Spur(S;S;) = 4;;. (A-11) 
We may then write for F the expression 
F=[Spur(F1)/Spur(1)]1+ > Spur(FS,)S,. (A-12) 
Now since F acts only on the coordinates of the 

system itself, it satisfies Eq. (3) so that 


(A-13) 


If we require that (FY, ¥) which is (F)r shall be 
equal to (F)x, it follows that 


Spur(F1)/Spur(*)=n 3°; Fis. 


Spur(FS;)=0 (all 7). (A-14) 


This result leads to Eq. (10) in the text. 

We can obtain Eqs. (12)-(14) in the following way. 
An invariant operator R which is linearly independent 
of the unit operator can be made one of the elements 
of our basis even if its spur is not zero, i.e., even if it 
is not operator-orthogonal to the unit operator, by the 
Gram-Schmidt process. We construct the corresponding 
operator S$ which is orthogonal to the unit operator by 
choosing 


S=c{1—(Spur(1)/Spur(R) JR}. (A-15) 


This operator S is clearly orthogonal to 1, (it has zero 
spur). The constant ¢ can be chosen to normalize S if 
desired. If we now require that Spur(FS) vanish we 
obtain Eq. (12) of the text, i.e., $=0. 
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A brief treatment of spinors in general coordinates is given. The mathematical results are used to derive 
the Hamiltonian for a spinor field interacting with the gravitational field. The Hamiltonian formulation 
follows a method developed by Dirac, which has been used by Pirani and Schild to treat the free gravitational 
field. The Dirac method is further used here to carry out a reduction of the Hamiltonian to a form suitable 
for quantization. The quantization procedure is actually given, and the problems arising in connection 
with it—such as the factor ordering ambiguity and the vacuum expectation value of the spinor stress 


density—are discussed. 





1. INTRODUCTION 


HE Hamiltonian formulation of Einstein’s gravi- 

tational field equations, which has recently been 
accomplished by Pirani and Schild' and independently 
by Bergmann’ and his co-workers, has enabled workers 
in general relativity to consider seriously the possi- 
bility of carrying out a rigorous quantization of Ein- 
stein’s theory. Bergmann and his group hope to develop 
a quantum theory of the motions of point singularities 
(particles of matter) in an otherwise “free” gravitational 
field; i.e., a quantum version of the work of Einstein, 
Infeld, and Hoffmann.’ Schild’s group, on the other 
hand, take the more direct course of describing gravi- 
tating matter (as well as electromagnetic radiation) by 
means of additional fields which interact with the 
gravitational field. The present paper is written in the 
latter vein. 

The addition of fields having tensor transformation 
properties introduces no difficulties, as is evident from 
the brief treatment of the electromagnetic field in [PS]. 
Spinor fields, however, require special handling. In this 
paper the Hamiltonian for a spinor field interacting 
with the gravitational field will be derived. In addition 
to the problems arising in the course of this derivation, 
a number of others will appear when the attempt is 
made to pass to the quantum theory. All these will be 
discussed. 

In this paper Latin indices range over the values 1,2,3 and 
Greek indices over the values 1,2,3,4. Use of three real coordinates 


x‘ and one imaginary coordinate x* will be made from the outset, 
with an eye toward facilitating the direct transcription of the 


* Fulbright Fellow in India, 1951-1952. 

+ Maitre de Recherches, Centre National de la Recherche Scien- 
tifique, Paris, France. 

1 F. A. E. Pirani and A. Schild, Phys. Rev. 79, 986 (1950) ; this 
paper will be referred to as [PS]. 

2 Bergmann, Penfield, Schiller, and Zatzkis, Phys. Rev. 80, 81 
(1950) ; J. Heller and P. G. Bergmann, Phys. Rev. 84, 665 (1951). 
In the latter paper the Hamiltonian formulation has been carried 
out in spinor form. The result is entirely equivalent to the more 
usual formulation in terms of the metric tensor. It is to be em- 
phasized that the work of the present authors differs from that of 
Heller and Bergmann in that the spinor quantities which appear 
here are extra quantities (added to the gravitational field quan 
tities) and have no metric significance. ‘ 

3 Einstein, Infeld, and Hoffmann, Ann. Math. 39, 1, 66 (1938); 
A. Einstein and L. Infeld, Can. J. Math. 1, 209 (1949). 


results obtained here into an eventual quantum perturbation 
theory of electron-graviton interactions. With this convention 
the determinant g of the metric tensor g,, is positive; the invariant 
volume element is gidx'dx*dx*dx®, where x°= —ix‘; and the con- 
jugate of a tensor 7*’’’,... is defined by 
Po-',...06( =) TP'n..)*, 

where g is the number of times the index 4 occurs among the 
p++, vee+. In the case of c-numbers the asterisk denotes the ordi- 
nary complex conjugate; in the case of operators or matrices it 
denotes the Hermitian adjoint. 


2. SPINORS IN GENERAL COORDINATES 


Spinors are most conveniently treated in general 
coordinates after the manner of Pauli.‘ Since the details 
of Pauli’s formalism will be of importance, we present 
it here in a modified version which is specially adapted 
to the present problem. 

One generalizes the Dirac matrices y, by introducing 
a set of matrices I“ satisfying® 


{T, I°} = 2ge, (2.1) 


As corollaries of (2.1) one may readily derive the 
identities® 


Cr, (i, re j=4(erl"— eT"), (2.2) 
(I, [T’, Pe }=4Ll, I”, rr). (2.3) 


The I may be constructed so as to be differentiable® 
matrix functions of the coordinates by observing that 
the contravariant metric tensor will be altered by an 
infinitesimal amount dg” if the I are altered by 
infinitesimal amounts given by 


bI4=3T bg. 
By keeping the 6g” always differentiable the [* may 
be built up continuously from the Dirac matrices 7,, 


while the metric tensor is built up from its value 4,, in 
orthonormal rectilinear coordinates in flat space-time. 


(2.4) 


‘W. Pauli, Ann. Physik 18, 337 (1933). 
5 The following bracket notation is used here: 


{A, B}=AB+BA, [A, B]=AB-—BA, 
[A, B, C]=A[B, C]+B([C, A]+CTA, B]. 
In Sec. 4 the notation (F,G) will be used to denote the Poisson 


bracket of F and G. 
6 We mean differentiable up to any order required in the dis- 


cussion. 
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INTERACTING 


It is evident that the I* have the same group theo- 
retical properties as the y,, namely, (I) there exists only 
one irreducible family of equivalent representations of 
the I (which is 4-dimensional) ; (II) if [X, I',]=0 for 
all u, then X is a multiple of the unit matrix; (III) if 
{1, I'’"} = 2g’, then there must exist a matrix function 
S such that 

[= S'S, |S|=1. (2.5) 


Equation (2.5) defines a “transformation in spin-space.”’ 
It is important in what follows to keep a clear distinction 
between spin-space transformations and coordinate 
transformations. Under coordinate transformations the 
I will transform like the components of a contra- 
variant vector. 

The I are not uniquely determined by the con- 
struction (2.4) since the expression on the right is not 
an exact differential. The final form for the I will 
depend upon the path of integration taken in the 10- 
dimensional space of the g,,. If we adopt some integra- 
tion convention, however, then we may write’ 


P= y/ gh’, (2.6) 


where the coefficients 1/4, are certain functions of the 
Su», Satisfying 

V Biot Ser=s". (2.7) 
Indices which are not tensor indices have been written 
with a prime. 

The process of choosing an explicit form (2.6) for the 
I“ is equivalent to completing the differential form 
(2.4) by adding a suitable term. Such an additional 
term must correspond to an infinitesimal spin-space 
transformation S=1+F%ég.3, where the F** are 
certain matrix functions of the g,, having vanishing 
traces. Using the identity 


Og” /Agan= — 3 (g*g"?+ grPgra), (2.8) 

we may therefore write 
AI*/Agae= —E(geeT?+ 802) —[F28, I]. (2.9) 
The necessary identity 0°I*/dg.s0gy3=0°I"/0g,s:0g08 


leads, with the aid of (2.2), to the following condition 
on the functions F**: 


OF 8 /Ag,3— OF*/dgas—[F*, FY] 
= (1/64)(g7[T*, M]+g"(re, rv] 
+g[T%, ryj+2[1, r*)). 
In terms of the coefficients \/g*,, F*® has the explicit 
form 


(2.10) 


FB = 3/ few (OV/ B'r/ Pas) Yu's Ye] (2.11) 


7 For example, we may choose the straight-line path of integra- 
tion from dy, to gy». We may then expand the “inverse square 
root” +/g*, according to the binomial theorem 


1-3 1-3-5 
Vv gy = Sy» — beurt 7 GPnavar— 7-46 Puavas eset re 


where fy»=5y»+ ey». The expansion converges whenever the 
eigenvalues of || ,»|| are all less than unity in absolute magnitude. 
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The integration convention leading to the explicit 
form (2.6) may be chosen differently at each point of 
space-time. The functional form of the +/g#, will 
therefore, in general, involve the x* as parameters. 
That is, the \/g*,,, and hence the I, will have an ex- 
plicit dependence on the coordinates in addition to an 
implicit dependence through the g,,. In order to discuss 
this type of situation it will be convenient to distinguish 
between “total” and “partial” coordinate differentia- 
tion. The symbol 0/02“ will be allowed to act only on 
the explicitly occurring x’s. If f is an explicit function 
of the x’s as well as of a set of field variables y4, then 
its total derivative with respect to x is defined by 


fe=(Of, Oya)Va.ot Of, Ox’. (2.12) 


ya,o is the gradient of y4. Repeated total differentiation 
is denoted by f orp..., etc. 

In addition to allowing the functional form of the 
Vg, in (2.6) to vary from point to point, one may also 
impose an arbitrary snin-space transformation S» which 
has an explicit dependence on both the g’s and the 2’s. 
The I’s and F’s then take their most general forms 


T(z, x)= Vv ‘gt So lySo, (2.13) 
Fo8(g, x)= 3/ Sow (Ov/ g%r'/Ofas)S0'L Yu’, Yo" }So 
+So-"(0So/Agas). 


In any given coordinate system the dependence of the I'’s on 
the g’s and x’s will now have a particular functional form. Owing 
to the fact, however, that the coordinate transformation law of 
the T's is given by 


(2.14) 


(2.15) 


IY" = (dx'"/dx”)T"(g, x) 
rather than by 
(2.16) 
this functional form will be altered whenever we carry out a 
coordinate transformation. A fixed functional form can be main- 
tained only if every coordinate transformation xx’ is accom- 
panied by a spin-space transformation S such that S“'T’*S=I"’*. 
For the infinitesimal coordinate transformation 


x’ = x#— §A*(x) 


["*= r(g', x’), 


(2.17) 


one may readily show that the corresponding spin-space trans- 
formation is given by 
S=1—A,6A"+(2F,’+4(1,, I’ 5A“ », (2.18) 
where 
Mu =4V bre (OV 8"e"/8x") So Lye", Ye So+So-(OSo/Ax*), (2.19) 
satisfying 
[A,, 0’ J=—dr’/dx". (2.20) 
Equation (2.18) is the generalization to general coordinates of 
the familiar spinor transformation law in Minkowski space. In 
the subsequent discussion, however, nothing will be gained by 
imposing (2.18), and we shall leave coordinate and spin-space 
transformations completely independent of one another. In this 
way the matrices F% will transform under xx’ like the com- 
ponents of a contravariant tensor and under spin-space trans- 
formations S according to 
FF’ = S-\F%854 S-1(9S/dgas), 
while the matrices A, will have the transformation laws 
Ay’ = (8x"/dx'*) A, — (Ax? /dx9) (A%x*/dx’ 7Ax'*) 
X (HEP ay P9}+2F 2°} } (2.22) 
and Ay’ =SA,S+S-(0S/dx"). 


(2.21) 


ee. ee ee 
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The identities 0°0°°/dx"O0gag=0°T"/Ogag0x* and I" /dx*dx” 
= 0°IT"/dx’0x" lead to the conditions 
0A,/dgap— OF /dx"—[A,, F*°]=0, 
0A,/dx”—dA,/ Ox*—[A,, A, ]=0. 


(2.23) 
(2.24) 
Pauli* introduces a convenient definition for the 
covariant derivative of I by observing that the 
matrices [= I+ e{ I ,+ I< }, where e’ is an 
ag 
arbitrary infinitesimal contravariant vector, satisfy 
{I'’*, I'’"} =2g’. This means that there exists a spin- 
space transformation S=1+’Q,, such that S“TS=I". 
Since ¢’ is arbitrary, this implies 
Me 
ag 


0=I*,4 re+[Q,, P] 


= (oI Aas) font 0*/02"+ | ° {r- 
ag 


+[Q,, TJ. (2.25) 
The solution of (2.25) is readily found to be 


=} gow, of T*, PJ F* gut de. (2.26) 


Under coordinate transformations the matrices Q, 
transform like the components of a covariant vector, 
while under spin-space transformations they transform 
according to 

2,’=S2,S+S—S,.. (2.27) 


ile 


Pauli calls the right-hand side of (2.25) the covariant 
derivative of T. Using a subscript dot to denote the 
covariant derivative of any quantity, we may write 

(2.28) 


Now, if the conjugate to Eq. (2.1) is taken in the 
form 2g*"= {—I*, —I’}, one is led to infer the existence 
of a matrix A with the property 


—T*=AI*A— |A]=1. (2.29) 


Equation (2.29) and its conjugate together imply the 
commutability of A*-'A with the I. This means A*'A 
is equal to some multiple c of the unit matrix. Evidently 
c*c=1, and A may, without loss of generality, be 
multiplied by c~}, thereby making it Hermitian. A is 
invariant under coordinate transformations, but it has 
the following spin-space transformation law: 


A’= S*AS, (2.30) 


which leaves its Hermitian character undisturbed. If 
the I are constructed via (2.13) from a unitary-Her- 
mitian set of Dirac y’s, then A has the explicit form 


A=+So*ysSo. (2.31) 


A spinor y is a 1-column matrix which is invariant 
under coordinate transformations and has the spin- 
space transformation law 


V=S-y. (2.32) 
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The adjoint spinor is defined by 
| ey 
¥ ses v “ 1 ’ 
and transforms according to 
y=VS. 
Spinors may be combined with the I’, as in PI“I’y, to 
form ordinary tensors which are invariant under spin- 
space transformations. 

The covariant derivative of a spinor is defined by 
invoking the condition that covariant differentiation 
be distributive over factors in a product. Writing 
(WI*yp)..= P.ol*~+yYI"y.., expanding the left-hand side 
according to the usual rules, and using (2.25), one finds 

Vic=Vi ct Qe, (2.35) 
V.c=V,0— Wu. 

If we write p.c=y*.cAty*A.c=(¥* oty*2,)At+y*A.e, we 
are led to a convenient definition for the covariant derivative of A 
(2.37) 


(2.33) 


(2.34) 


(2.36) 


A.g@A, g—ANQG—QA. 
Taking the conjugate of (2.25) and using (2.27) and (2.29), we 
may infer —2,=AQ,A~'— A, ,A~'. Multiplication of this equation 
on the right by A gives A.,.=0. This result makes it easy to take 
the conjugates of tensor quantities of the form yIy.,, etc. It also 
leads, in conjunction with the explicit form (2.26), to the identities 
0A/dg,,=AFY+F"A, (2.38) 
0A/dx°=AA,+A,A. (2.39) 
Spinors with tensor indices are readily introduced into the 
general coordinate formalism. For example, the vector-spinor y,, 
which transforms as a covariant vector under coordinate trans- 
formations and as a spinor under spin-space transformations, has 
a covariant derivative given by 


Vu-o=Vy, {2 Wat ety 


This enables us to calculate the commutation relation for indices 
induced by repeated covariant differentiation. We find 
V-po— Verp = (Qu, »— Dy, p— [Qy, 2 Dv 
scala tRyuverLT*, ry, 


where Ryyer is the curvature tensor.’ 


(2.40) 


(2.41) 


3. THE LAGRANGIAN AND THE FIELD EQUATIONS 


The Lagrangian density for the combined gravita- 
tional and spinor fields is conveniently taken in the form 


canoe SIH SIED 


—sheg(PTp..—P..P~t 2p) 
= — EB Mgh(ga ghey rt — 2gat ght gre + 2gar ght phe 
— gB peor) 99 Sse, —shcgi{ptATy,, 
—y* APY +Y*[(ATF#+ Peed gu 
+AI*A,+A,T°A+2«A W}, (3.1) 
~8Using the algebraic identities satisfied by the curvature 


tensor, one may prove R,,,,I'“I’''’l’ =2R, where R is the cur- 
vature scalar. 
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where 


B=162Gc~, (3.2) 


G being the Newtonian gravitational constant and ¢ 
the velocity of light. The field equations are 


Myp..+nhy=0, ¥..1%—«p=0, 
(Ry 7: } Sul) er 38O,», 


(3.3) 
(3.4) 


where Q,, is the symmetric stress density of the spinor 
field 
Op = i heg(p Dy v0 w+ v Dey ¥2 Vn Ty ). 


In virtue of Eqs. (3.3) the stress density satisfies the 


(3.5) 


divergence condition® 
o”.,=0. (3.6) 


4. THE HAMILTONIAN FORMULATION 


In this section we use the notation of [PS }'° with a 
few minor modifications. Owing to the presence of an 
imaginary coordinate x‘, the Jacobian of the trans- 
formation x*—>u', ¢ will be defined 


J=—id(x)/d(u, 0. (4.1) 


The normals to the space-like surfaces 


l=Jt (4.2) 
are time-like covariant vectors having lengths i/ given 
by 

P= —g**lals. (4.3) 
The canonical momenta for the present problem are 


h,= AJL) /ai, (4.4) 


m= OTL) / IG w= (9L/ Ly», «le 
2 — 8g 2h ser — i 
+ 2ga7geP+ grrgtle+ gergatl— Dgabyerl) gap, y 
—thegy*(ATeF“+ Pel Ale, (4.5) 


r= (dL/dy,.)l,=—thegly*AT1,, (4.6) 


x* = (IL/dy* l= FhcgiAT ly. (4.7) 


The momenta z*’ are here seen to differ from those in 


[PS] through the presence of a term involving the 
spinor field. 

Equations (4.5)—(4.7) give rise to a number of what 
Dirac" calls ‘‘@-equations” involving only coordinates 


® The current density s“=ieglyI“y also satisfies a divergence 
condition s*.,=s* ,=0. 

'© We introduce a family of space-like surfaces labeled by a real 
parameter ¢. The points in each surface are labeled by three real 
parameters u'. A stroke followed by a Latin index denotes partial 
differentiation with respect to a parameter u‘: y4j;=0y4/du' 
=ya,ox"|;. A dot denotes partial differentiation with respect to 
the parameter ¢: ya =Oy4/t=ya, of”. 

"Pp. A. M. Dirac, Can. J. Math. 2, 129 (1950); this paper will 
be referred to as [D]. 
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and momenta 


o=0, o*=0, #=0, (4.8) 


where 
(4.9) 
(4.10) 


o=r+hhegly*ATl,, 
o*= r*—hhcgiAT*yl,, 
g= wl, + EB 1g(2g2 PB — gl) Tap 
+thheglp*(AT*F’+ FeHleA)plel,, (4.11) 


(4.12) 


T 8 3= Saf, ys — Sa, aly = Lap (u' De u“ ‘ gly). 


Dirac [D] distinguishes between “strong equations” 
(=) and “weak equations” (=), as explained in [PS]. 
The ¢-equations (4.8) are weak equations. Following 
[PS] we construct the strong equations 

C»C,,=0, 


2=0, (4.13) 


where C=g,,C”, from the weak equations 
1 Cv=r"—d(JL£)/0g,,=0. (4.14) 


The Hamiltonian may now be written” 


H= fore Gage? + mp + Y*x*)du—L 


= feos oad rt ot ry, at y* o— 1,2)du 


+ f £1, Bl-*g-(C®Cag—4C?)du 


= feo. 20- 9% a8, ulo*+ o¥+y*o*)du, (4.15) 


where 
¢.=A,+K,=0, 
Hy = 1-981 T0844 — 21, ge 2 Taye 
Lhcgll— lal (y* ATT .s— TAT) 
+ dhegly*(ATP1F*+ PST1A Tag, 
+1, (BGas yo 4x, P+ BIXSHEOT. 557 ryp) 
+ hheg't,[l-*l2(¥*A T*Tag— TagA Tp) 
+Y*(AT*A,+A,F°A+2«)~], (4.17) 
r= 9+ Lhcgly*(ATeF’+ Pel )yl,, (4.18) 
Tp2=¥b—Vdy To=W h—-V dy, (4.19) 
Gapys=}hl-*g-\ (gayest Sadhsy— Bashy), (4.20) 
XB ve =] Agi — He (gregh + gat gBe— gabpet) prego 
+ 3gg4 (ght g79-+ gorgts) J. 


® The Lagrangian functional is L= {J Ldu. 


(4.21) 


saashaeeadiabdiahieeemeeeteinits ans . 
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The computation leading to the last line of (4.15) is 
lengthy but straightforward. The @-equation (4.16) 
could also have been obtained directly from Eq. (4.4) 
with the help of Eqs. (4.5)—(4.7). The function X, is the 
Hamiltonian density for the interacting fields. 

The Poisson bracket relations satisfied by the canon- 
ical variables are 


(4.22) 
(4.23) 


(x#(u), A,(u’)) =6,46(u—u’), 
(gy»(u), r°7(u’))=4(6,76,7+ 6,76,7)d(u—u’), 
(Wa(u), me(u’))=(Wa*(u), me*(u’))=Sagd(u—u’). (4.24) 


All other Poisson brackets between pairs of the vari- 
ables x, gas, V, ¥*, Av, 7%, 2, * Vanish. 


5. REDUCTION OF THE HAMILTONIAN 


99 


Dirac [D] distinguishes between “first-class ¢’s 
and ‘second-class ¢’s.’’ The Poisson bracket of a first- 
class @ with any other ¢ vanishes either identically or in 
virtue of the ¢-equations. The Poisson brackets of a 
second-class @ (or any linear combination of second- 
class ¢’s) with the other @¢’s do not all vanish. In the 
present example ¢ and ¢* are second-class @’s, for we 
have 


(da*(u), da(u’)) = —hAcg(AT,)a3d(u—u’). (5.1) 


It is sometimes possible to turn a second-class ¢ into a 
first-class @ by adding supplementary conditions which 
Dirac calls x-equations. This is evidently not possible 
in the present case, because the right-hand side of 
(5.1) cannot be set equal to zero. 

It is shown in [D] that whenever second-class ¢’s 
are present one can carry out a simplification of the 
Hamiltonian scheme which consists essentially in 
removing some of the empty degrees of freedom. The 
simplification is carried out by introducing a modi- 
fication of the ordinary Poisson bracket. We give now 
an outline of the theory. 

Denote by ¢; the members of any set of second-class 
¢’s of any dynamical system. Consider the matrix A 
having elements 

A \;= ($i, $5). (5.2) 
Since the ¢; are second-class ¢’s, the matrix A must be 
nonsingular.'* Otherwise, some of the ¢; could be com- 
bined linearly to form one or more first-class @’s. 
Introduce now the following bracket notation: 


(F, G)p=(F, G)—(F, 6) A™;;(¢;, G), (5.3) 
where A~' denotes the inverse of A. We shall call ex- 
pression (5.3) the Dirac bracket of F and G. In [D] it is 
shown that Dirac brackets satisfy all the identities 
satisfied by ordinary Poisson brackets. In addition it 


‘8 More generally, the matrix A is constructed out of “second- 
class x’s”’ as well as second-class ¢’s. The total number of second- 
class ¢’s and x’s must evidently be even. 
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may be observed that the Dirac bracket of a ¢; with 
anything vanishes. 

The utility of the Dirac bracket is readily seen by 
considering the consistency conditions 


0= ¢:=Ba(oi, oa) +Bi(oi, ¢)), 


where the ¢4 are those ¢’s which are not numbered 
among the ¢,, and the 84, 6; are Dirac’s “velocity 
variables,” the Hamiltonian being given by H=Baga 
+£8.¢;. Solving Eqs. (5.4) for the 8;, we may write the 
t derivative of any dynamical quantity F in the form 


F=Ba(F, ¢4)+Bi(F, $)=Bal(F, ba)v. (5.5) 


It is evident that we get the same dynamical equations 
if we work with Dirac brackets instead of Poisson 
brackets. The second-class ¢’s can then be regarded as 
vanishing in the strong sense and may be used to 
eliminate some of the dynamical variables from the 
theory. 

The Dirac brackets for the gravitational-spinor 
system are readily obtained. For any two dynamical 
quantities F and G we have, using (5.1), 


(5.4) 


(F,G)p=(F,G)— (he)! f f \\(F,be(u)), (F, de*(u)) 


0 —iN-!,36(u—u’) 
x} 
| |@N-'3,6(u—u’) 0 


| (6s(u'), G)|| 
udu’, 


(¢s*(u’), G)|| 
where 
N=igiAT,, 
N-sig-U-*1,.TA—. 
By straightforward computation we find 
(x*(u), A,(u’))n=4,46(u—u’), 


(gu(u), #?7(u’)) n= 3(4,°6,"+5,76,")5(u—w’), 


ON ON 
(x**(u), 4°7(u’)) p= —fihey F -V~!, — n-] 
x Vyé(u—u’), 


Bf | Per 
(5.11) 
(5.12) 
(5.13) 
(5.14) 


(Wa(u), ¥s*(u’)) p= ." i(hc)—1N- 136(u— uw), 
(x”(u), ¥(u’))p=4N-(ON/0g,,)¥d(u—u’), 
(x (u), ¥*(u’)) p=3¥*(ON/dg,,.)N—6(u—v’). 


The coefficients multiplying the delta-functions in Eqs. 
(5.11)-(5.14) may be evaluated at either u or u’. 

At first sight the reduction of the Hamiltonian scheme 
seems to be of no advantage, since now the dynamical 
variables are somewhat mixed up. The momenta 7 are 
no longer dynamically independent of the spinor field 
vaiables nor even of each other. The Dirac brackets 
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(Ay Av) Dy (Aw ®°"), (Au, Wd, (Ay, ¥*)0, which have struc- 
tures similar to (5.11), (5.13), (5.14), also do not vanish. 
However, the situation is really better than it appears. 
The Dirac brackets of all other pairs of the dynamical 
variables do vanish, and we shall see presently that 
we can redefine the field quantities y, ¥*, +’, A, in such 
a way that they assume the dynamical properties that 
we should expect of them. 

We first study the structure of the matrix V. When 
the I and A are given by (2.13) and (2.31), respec- 
tively, NV has the explicit form 

N=Svy*N So, (5.15) 
where 
(5.16) 


(5.17) 


No=ighlay Lr Vv =aitth, 
by =ghlen (fo (ty) = (ti, — it), 
and a;=iy47i. Since /, is a time-like vector 4?>#,4,, the 
matrix No has a differentiable Hermitian square root 
given by 
Nol=(2L)(ati+L), 
We may therefore express the matrix N in the form 
N=M*M, M=N)'So. (5.19) 
The new dynamical variables which we seek are the 
following : 


LEh+(h?—#t,)'. (5.18) 


where 


v=My, (5.20) 
n= e+ hihcy*[M*-'(0M*/dg,,) 
— (0M /dg,,)M—' ut, 
6M*(u’) 


4,(u)=A,(u)+ pine feta] ace '(u’)———— 
6x*(u) 


yt=y*M"*, 


(5.21) 


6M(u’) 
—————— ua) |e(aae’ (5.22) 
dx*(u) 


One finds, by straightforward computation, the fol- 
lowing Dirac brackets: 


(5.23) 
(5.24) 
(5.25) 


(x*(u), 2,(u’)) p= 6,46(u—v’), 
(gur(u), x°7(u’)) p=4(5,°6,"+6,75,")5(u—u’), 
(ha(u), Ys*(u’)) p= —i(hc)—"Sag6(u—u’), 
(,(u), 2(u’))n=0, 


(x*"(u), ¢(u’))p=0, etc. 


(x*’(u), x°"(u’))p=0, 
(5.26) 


Since the right-hand sides of the above expressions do 
not involve any of the field quantities, it is evident that 
the new variables may be used directly in passing to an 
interaction representation for the purpose of carrying 
out a perturbation computation. 

It is to be noted that since the spin-space trans- 
formation law of the matrix M has the form 


M'=MS, (5.27) 
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the variables y, ¢* remain unchanged under spin-space 


transformations. 
6. QUANTIZATION 


Passage to the quantum theory is effected by making 
the identifications" 


(F, G)p=(ih)“"'[F, G] (6.1) 


(F, G)p=+(ih)“{F, G}, (6.2) 


according to the statistics required. In the present 
example the variables ¢, 4* will satisfy anticommutation 
relations among themselves. The sign in (6.2) is chosen 
positive or negative according as the *’s are placed to 
the left or the right of the &’s in the Hamiltonian. The 
first alternative is customary. We therefore have the 
quantum dynamical relations 


[x#(u), 2,(u’) ]=ihd,“5(u—w’), (6.3) 
Ceu(u), 2°*(u’)]=$ih(5,°6,"+6,75,")5(u—w’), (6.4) 
{ta(u), ts*(u’)} =c~'Sa5(u—u’), (6.5) 

{d.(u), da(u’)} = { da*(u), Ys*(u’)} =0. (6.6) 


The commutators of all other pairs of the dynamical 
variables vanish. 

In the reduced Hamiltonian scheme of the preceding 
section gy, and ¢@ become first-class ¢’s."* According to 
[D] the ¢-equations corresponding to the first-class ¢’s 
become, in the quantum theory, conditions on the state 
vector W of the system. Thus we have 


¢.¥=0, (6.7) 
ov=0. (6.8) 


The commutation relation (6.3) allows us to make the 


identification 
d.(u) = —ihd/dx*(u). (6.9) 


The state vector is actually a functional ¥[x] of the 
functions x*(u) which describe the space-like surface 
t=constant. If these functions suffer variations 6x*(u), 
Eq. (6.7) tells us that the corresponding variation in 
the state vector is given by 


(6.10) 


ihiv[ x ]= fre.(u)so-(wydu¥(), 


“Tt is important to realize that it is the Dirac bracket rather 
than the ordinary Poisson bracket which corresponds to the com- 
mutator or anticommutator in the quantum theory of any 
dynamical system. Dirac, himself, does not seem to have em- 
phasized this point clearly in [D]. 

‘6 The authors have actually carried out an explicit calculation 
of the Dirac bracket (¢“(u), ¢’(u’))p. It vanishes not in the weak 
sense but identically. The calculation is straightforward but 
tedious. One obtains an expression of the form 

X”’(u)d(u—u’) + [¥""**(w')Z (a) + V**"(a)Z.(u’) 15) (u—u’) 
which vanishes on account of the equations (Y¥*’*'+ ¥’**")Z,=0 
and X”+ ¥""*") Z 4+ Y"**'Z 4) ;=0. In verifying the second equa- 
tion, one must make use of the identities /,) ;= (/,u’?,»—1Lu?, 4) x"); 
and (u*, .J,—u', J,);;=0, as well as the differential identities satis- 
fied by the matrices I, F%, A, etc, 
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where 
H,=KHy+ (Ay— Ay). (6.11) 
Equation (6.10) is the Schrédinger equation of the 
electron-graviton system. Equation (6.8) is a supple- 
mentary condition on the allowable state-vectors. 
Two final remarks peculiar to the gravitational 
problem must be made concerning the quantization 
procedure. First, the Hamiltonian density 3, must be 
an Hermitian operator. The intrinsically nonlinear 
character of the gravitational system reflects itself in 
expression (4.17), in which there occur products in- 
volving noncommuting factors. One does not know 
a priori how these factors should be ordered so as to 
symmetrize 3,. One could attempt to obtain a quantum 
Hamiltonian by using the simplest possible symmet- 
rization procedure, but then one would not know 
whether or not an equivaient quantum theory would 
have been obtained with a similar symmetrization 
procedure, if another se’ of gravitational variables (such 
as gig*” for example) had been used instead of g,, as the 
fundamental field quantities. One of us'® has shown how 
this ambiguity can be removed in the case of Hamil- 
tonians which are at most quadratic in the momenta, 
and he has discussed the gravitational case in particular. 
We merely quote the result The terms linear in the 
momenta are symmetrized by the usual anticom- 
mutator rule. The term quadratic in the momenta is 


written in the symmetric form 6l,x°Gasyx” [see 
(4.20) }. The factor Gags may be interpreted as a ‘“‘con- 
travariant’’ metric tensor which describes the geometry 
of the 10-dimensional space of the g,,. In order that the 
Hamiltonian density 3, be a truly invariant quantity 
under point transformations in this 10-dimensional 


space, a divergent term 
(85/8) hB1,/-g—6(u—u) P, 
1 B.S. DeWitt, Phys. Rev. 85, 653 (1952). 


(6.12) 
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which vanishes in the classical limit 4-0, must be 
added to expression (4.17). 

The second remark concerns the vacuum expectation 
value of the matter stress density ©,,. In discussing 
this quantity we may ignore the dynamical properties 
of the gravitational field and regard the g,, as given 
c-numbers. However, the g,, must be chosen so as to 
make space-time flat, as befits a true gravitational 
vacuum. The vacuum expectation value is then given 
by!” 


(Ou)o= Fheng'g,,A™ (0). (6.13) 
We must not couple this physically meaningless diver- 
gent vacuum value to the gravitational field. We must 
instead redefine the stress density by subtracting ex- 
pression (6.13), This corresponds to the subtraction of 
a term 3/hcx’*giA“)(0) from the Lagrangian density of 
the matter field and hence to the addition of a term 


thex’l,g'A® (0) (6.14) 
to expression (4.17). 

The necessity of adding the divergent expression 
(6.14) to the Hamiltonian density 3%, has been con- 
firmed in actual calculations of the gravitational self- 
energies and stress renormalizations of material par- 
ticles.'85 The procedure is entirely equivalent to the 
charge symmetrization procedure in quantum electro- 
dynamics in which the vacuum expectation value of 
the current is made to vanish. 

The physical necessity of adding the divergent ex- 
pression (6.12), on the other hand, can be confirmed 
only when calculations are carried out on the interaction 
of the gravitational field with itself. 

17 See, for example, J. Schwinger, Phys. Rev. 75, 658 (1949), 


Eqs. (1.77, 78). 
18 B. S. DeWitt, Ph.D. thesis, Harvard University, 1950, 
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In the first five sections the dispersion theory is developed with 
an internal region V whose boundary S is quite close to the nuclear 
surface. Two types of quantities then occur: those like the deriva- 
tive matrix R, which connect the values and derivatives of the 
wave function at S, and those like the collision matrix U which 
give the asymptotic behavior of the wave function. These latter 
are, of course, independent of the position of S. Because of the 
proximity of S to the nuclear surface, the wave function in the 
closed channels and its derivative remain appreciable at S. They 
may, however, be eliminated from the formalism, and this is 
done in Sec. II, leading to a reduced R which connects the values 
and derivatives of the wave function in the open channels only. 
In the next section this reduced R is used to obtain expressions 
for the S-independent quantities, in particular, for the collision 
matrix. These expressions are given more explicit, but approxi- 
mate form in Sec. IV. The development shows that the quantity, 
which in the usual formulas for the cross sections is interpreted as 


the nuclear radius, need not be equal to this at all, but is the dis- 
tance at which two opposite effects compensate. The fifth section 
gives exact expressions for the poles and residues of some S- 
independent quantities, which are then compared with the poles 
and residues of the approximate expressions of the previous 
chapter. In this way criteria are derived for the accuracy of these 
approximate expressions 

The last sections contain derivations of two sum rules for the 
parameters in the original R. The consequences of these sum rules 
are traced for the reduced R and for the S-independent quantities, 
in the light of the development of the first five sections. The first 
sum rule gives a maximum for the partial widths of levels, while 
the second leads to the well-known proportionality of reduced 
level width and level spacing. The meaning and validity of this 
is discussed in some detail, both for the single particle and many 
particle pictures. ; 





I. INTRODUCTION 


EASUREMENT of the cross section for a nu- 

clear reaction in which a pair of nuclei denoted 
by s collide to form a compound nucleus, which subse- 
quently disintegrates into a pair of nuclei /, shows that 
near certain “resonance” energies E, of the colliding 
pair, this cross section can be represented in the rather 
simple form 


v PyU xe 
Cie fn an, (0) 
k?2 (E,—E)+iT? 
where k, is the wave number of the colliding pair (in 
the center-of-mass system), E their energy, and Ty, 
Ty, [', are parameters called “widths” which are only 
mildly energy dependent. 

Both time-dependent perturbation theory treat- 
ments,' and stationary state methods,*~* lead one to 
results of this type: in each case the E) are characteristic 
energies of a suitably restricted compound system, and 
the [',, are proportional to the square of the matrix 
element between the corresponding proper functions 
and the wave function of the emitted (or colliding) 
pair s. 

In the most general stationary treatment,®* the 
configuration space of the problem is arbitrarily di- 
vided into two regions, the “internal region” V, to 
which the compound state, and all specifically nuclear 
effects, are restricted, and the remaining external re- 


* This work was assisted in part by the AEC. 

1G. Breit and E. P. Wigner, Phys. Rev. 49, 519 (1936). 

2S. Fliigge, Z. Naturforsch. 3a, 97 (1948). 

3P. L. Kapur and R. Peierls, Proc. Roy. Soc. (London) A166, 
277 (1938) 

4H. Bethe and G. Placzek, Phys. Rev. 51, 450 (1937) 

5 E. P. Wigner and L. Eisenbud, Phys. Rev. 72, 29 (1947). 

6 E. P. Wigner, Phys. Rev. 73, 1002 (1948). 


gion in which the various pairs s, /, etc., are presumed 
to behave like two-particle systems. The £, are then 
the proper values of the quantum-mechanical system 
in the internal region V satisfying certain self-adjoint 
boundary conditions on the surface S of V; these 
boundary conditions are independent of energy but 
involve an arbitrary parameter 6. The [,, are then 
given by ['\,=2k.P.y,.°, where P, is the penetration 
factor for the two-particle system s at S, while yy, is 
essentially the value of proper function X, correspond- 
ing to E, on the part of S which correspond to the 
emission of the pair s. 

The internal region is generally taken to be of ap- 
proximately nuclear size, but from the mathematical 
point of view no such restriction is necessary. It can be 
shown’ that the general formula obtained for o,; is 
quite independent of the size of V and of the parameter 
6 occurring in the boundary condition. 

It is the purpose of this paper to indicate more com- 
pletely the relation between the empirical parameters 
which occur in (0), and those which arise from the 
mathematical formalism. This question, together with 
that of the most suitable choice of V, is discussed in 
Secs. II to VI. The dependence of the parameters on 
the boundary conditions (i.e., on 5) is dealt with in 
Sec. VII, and this allows simple derivations of sta- 
tistical properties (i.e., “‘sum rules’’) of the y,, in the 
remaining sections. A table of experimental values is 
included. 

Only the basic results of the underlying theory'~’ 
are stated below, particularly since the various deriva- 
tions have been published in severa] forms. For further 
details the reader is referred to the references mentioned 
above, where further bibliography may also be found. 


rT. Teichmann, Phys. Rev. 77, 506 (1950), and Ph.D. thesis, 
Princeton University, 1949. 
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II. ELIMINATION OF CLOSED CHANNELS 





In defining the basic set of characteristic functions 
X), in the internal region of configuration space,> one 
can use a great variety of boundary conditions. If the 
characteristic value problem 


HX)=E,X) (1) 


for the X, is self adjoint, the most general boundary 
condition can be given the form 


f (eraax,) ntb,X))¥.dS=0 (2) 
8 


in which dS indicates a surface element of the boundary 
of the internal region; the integration in (2), as in all 
similar expressions, is to be extended over this boundary 
S. The y,, , *** are a set of orthonormal functions 


fvsvas= Bet (2a) 


defined on S; the b, are real constants. It is most reason- 
able to identify the y, as far as possible with the re- 
action products so that 


L(t, 2) Lek (1) +0.'G.(r.) ] (3) 


with arbitrary c,,c,’, represents a solution of the 
Schrédinger equation in the external region. The y,, 
for which such an identification is possible, are the 
products of a spherical harmonic, which depends on 
the direction 2, of the line connecting the centers of 
mass of the reaction products s, with the product of 
the real normalized internal wave functions of these 
products. 7, denotes the internal coordinates of the 
two particles which constitute the reaction products s; 
r, is the distance of their centers of mass. Because of 
the normalization (2a), the y, also contain a factor 
1/r, so that the F, and G,, which describe possible 
motions of these nuclei with respect to each other, are 
so-called radial wave functions, i.e., solutions of the 
radial Schrédinger equation multiplied by r,. They are 
so normalized that E=G+iF and 1=G—iF represent 
outgoing and incoming waves of flux h/M. Hence 


F'G—G'F=1. (4) 


F’ and G’ denote the components of grad/ and gradG 
normal to the surface S—the same components that 
occur in integrals over S, such as (2). 

The above definition of the y, will be assumed below 
for all open channels, i.e., for all reaction products 
which are energetically possible in the energy range 
considered. The rest of the y, can be arbitrary except 
that, together with the open channel y,, they must 
form a complete orthonormal system on S which will 
be assumed to be real. 

The 8, in (2) are still arbitrary. The simplest choice 
is b,=0 if one does not want to restrict the energy in- 
terval under consideration, We shall see, however, that 


AND E. P. 


WIGNER 


in the case of a restricted energy interval a different 
choice of the 6 may provide some simplification. 

The energy dependent R matrix which we shall define 
gives a relation between the values and normal deriva- 
tives of an arbitrary ¢ on the surface S, provided ¢ 
satisfies the equation Hy= Eg in the internal region. 
We define * 


a= (i?/2M)! f vied S, (5) 
Ss 


B.=(W/2M)' [vlgrade dS, (Sa) 
s 
and obtain in the usual way®’? 
a=) Ra(Bi tba), (6) 
for which we shall also write 
a=¢ R(6+6a). (6’) 
In this last expression, a and 8 are vectors with com- 
ponents a,, 8,, and 6 is a diagonal matrix with diagonal 
elements b,. The R,; in (6) are 





YasYnt 
Rx = 2 png - (6a) 
» E,-E 
for which we shall also write symbolically, 
1X7 
R=), ——_. (6a’) 
1 E,—-E 


The R,; depend on E only on through the E in the de- 
nominationators ; both the Ay, defined in (1), and the ya., 


y= (/2M)! f Xp, (6b) 
8 


are independent of £. The integration in (6b) is to be 

extended over the surface S of the internal region. 
Given the a and 8 which satisfy (6), the wave func- 

tion ¢ can be expressed in the internal region in terms 

of the X,, 

Dd sVas(Bs+b,ex,) 


erin (7) 


g= 


One calculates from (7) that the square integral of 9 
in the internal region is 


Plelav=Z ERE ulB.+b.0,)"Berbar). (7a) 


v 
R(E) is the derivative of R(E) with respect to E. 
(Note that F,’ and G,’ were derivatives with respect 
to r,.) For (7a) we shall also write 


f ¢|"dV =(8+ba, R(E)(8+ba)). (7a) 
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Naturally, the R,, depend on the 6, because the X, 
and the y,, do so. Hence (6) gives apparently different 
relations between the a and the @ for different values 
of the b,. It should be clear, however, that these rela- 
tions are only apparently different. If we denote by R° 
the R for the set of b which all vanish, the R for another 
set of b is given by 


R=R(1+5R), 


(7b) 


and the validity of (6), (7), (7a) is an immediate conse- 
quence of (7b) and the validity of the same equations 
for R°. 

The above formulas are all rigorous if the summa- 
tions over s, ¢ are extended over the whole orthonormal 
set; hence R,, is an infinite dimensional matrix. It is, 
of course, possible to place S so far out that the wave 
function dies out almost completely where a closed 
channel intersects S. In this case a and 6 are very small 
for closed channels and (6) and {7) become valid with 
the summation over s and / extended only over the 
open channels. For reasons which will appear at the 
end of Sec. IV, this will not be assumed at present. 

One can eliminate explicit reference to the closed 
channels in the preceding formulas by introducing the 
energy dependent logarithmic derivative K, (a negative 
quantity) of the exponentially decaying solution. This 
gives 8,= Ka, along the channels to be eliminated and 
permits the elimination from (6a) of the @ and @ re- 
ferring to these channels. In order to carry this out, 
one subdivides R into submatrices 


Rrr Ree 
R= ( } (8) 
Re Ree 
The index r refers to retained, the index e to channels 
to be eliminated. In general, the closed channels will 
belong into the latter category. The R,,, R,., etc., are 
matrices themselves. R,, and R,. are real symmetric 
square matrices, R,. is the transposed matrix to R,,. 
These are real but not square. The elimination leads to 
a reduced & which permits one to express the a corre- 
sponding to the retained channels in terms of only 
those 8 which also correspond to retained channels 
(these are, in general, the open channels) 


O.= Li’ Ra(B tba). (9) 


The reduced ® can be expressed in terms of the sub- 
matrices of the original R: 


R= Rir+Rrefl (K+6,)1— Reel 1 oe 


K is a diagonal matrix with diagonal elements K;; its 
rows and columns correspond, of course, only to elimi- 
nated channels. 

The reduced ® given by (9a) does not have as simple 
properties as the original R. In particular, like the 
collision matrix to which we shall turn later, it has 
essential singularities in addition to poles if it is re- 
garded as a function of the complex variable E. These 


(9a) 
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essential singularities include branch points at those 
(real) values of E=E,,, which constitute thresholds 
for a type of nuclear reaction which is energetically 
impossible at a lower E. One can see this immediately 
from (9a) since a K;, is proportional to (Ew,—£)! in 
the neighborhood of Ey. (Similar statements apply to 
the collision matrix.) However, if the K, can be replaced 
by constants or linear functions of E in which the co- 
efficients of E are positive (in general ‘‘R functions’’* 
of E), the approximate ® obtained in this way will be 
a finite matrix which permits an expansion of the form 
(6a) with y,, and E, which are independent of E£ 
though different from the quantities which occur in (6a). 
It may be worth while to carry out such an expansion 
in detail and, at the same time, to estimate the magni- 
tude of the second term of (9a). The omission of this 
term corresponds to disregarding the eliminated chan- 
nels altogether. The ® can easily be calcvlated if one 
approximates R,,, R.,, and R,, by a single‘term in the 
expansion (6a). The ® then becomes equal to R,, 
except that the E, therein has to be decreased by 


(Kit b, yn’, 


where the summation over / is over all eliminated 
channels. The y,, corresponding to retained channels 
do not change, neither the E, with 1+. The situation 
is less simple if one does not approximate R,,, R.,, and 
R,, in the above way, but ® will be essentially equal 
to R,, if the expressions (10) are small compared with 
the level spacing for every \. The sum }¢a? can be 
estimated on the basis of a sum rule which will be de- 
rived later and is given in (29). It applies if the position 
of the surface S is quite close to the nuclear surface. 
If the surface S is at a distance a’ from the nuclear 
surface, the ya, will contain a factor expK,a’ as can be 
seen from (6b): the wave function X, contained therein 
decays outside the nuclear surface exponentially (K, is 
negative). Thus, (10) can be crudely estimated to be of 
the order (K+6)(3h?/2May) exp2Ka’ where K is an 
average K, and dy is the nuclear radius. In order to 
reduce (10) for b=0 to a small fraction of an electron 
volt, one must place the surface S almost 10~" cm from 
the nuclear surface. This distance can be reduced 
considerably by choosing the 6, in the boundary condi- 
tions (2) for the closed channels to be equal to the 
average K, for the energy region of interest. Actually, 
an estimate of the effect of specifically nuclear forces 
on the wave function of a nucleon outside the nucleus 
proper indicates that the effect of these forces remains 
significant for about 10~" cm. This gives at any rate 
a lower limit on the distance of S from the nuclear 
surface. As a result, the use of the more general bound- 
ary conditions (2), instead of (gradX,),=0, offers only 
limited advantages. 

One is tempted, at this point, to consider energy 
dependent boundary conditions, as has been done by 


(10) 


8 E. P. Wigner, Ann. Math. 53, 36 (1951). 
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Kapur and Peierls.’ For the closed channels K,=0, 
would be the natural choice and we shall see that, for 
the open channels, 6,=G,/G,’ would seem to offer 
simplifications (this is not what was used in reference 
3). It seems to the present writers, however, that the 
advantage resulting from the Hermitean orthogonality 
of the X, and the simple properties of the R matrices 
overbalance the disadvantages inherent in the transi- 
tion from the original R to the reduced ® and from this 
to the 0 of the next section. 


III. CONNECTION BETWEEN DERIVATIVE MATRIX 
AND COLLISION MATRIX 


Several equivalent formulas have been given in the 
past to express the collision matrix U in terms of R. 
We now believe that the most natural way uses an 
intermediate expression Q, in terms of which 

U=(1+70)/(1—7Q). 
This Q is —m times Heitler’s K-matrix.® By the defini- 
tion of the collision matrix, the functions 
=v — DU Es, 
1,=G,—iF,, E,=G,+iF, 


(11) 


(12) 


are, for all s, solutions of the wave equations and al- 
though they are defined by (12) only in the external 
region, they can be continued into the internal one in 
such a way as to satisfy Hy= Eg. It then follows from 
(11) that the same holds also for 


¢=V.F lr) +D OwWiGilr,). 


The functions (12a) are linear combinations of the 
functions (12), but (12a) can suitably be taken as the 
definition of Q, instead of (11). U as well as Q is sym- 
metric, U’ is unitary, Q real. They are both independent 
of the choice of the internal region, but depend, of 
course, on the energy in a more complicated way than 
does R. In fact, the number of the dimensions of U and 
Q depend on the energy, it being equal to the number 
of open channels. Q can be expressed in terms of the 
reduced ® by applying (9) to (12a) to give 


Q=—(F’+6F)/(G'+6G) 
+[G(G’+6G) —(G’+6G) R(G'+6G) }', 


(12a) 


(13) 


where b=6—(i/a), a being the radius of the relevant 
portion of S. This completes the calculation of U. In 
(lla) 6, F, G, F’, G’ are diagonal matrices with rows 
and columns which correspond only to open channels; 
their diagonal elements are b,, F,, G,, etc. The only 
special property of F and G used when going from 
(12a) to (13) was (4). Hence an expression similar to 
(13) can be obtained also for 
U=(1'+61)/(E’+bE)+2i[E(E'+ bE) 
— (E'+ bE) @(E'+ bE) }, 
*W. Pauli, Report on International Conference on Fundamental 
Particles and Low Temperatures I (The Physical Society, London, 


1947), p. 9. 


(13a) 
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and for 
—Q-'= (G'+6G)/(F’+6F)+[F(F’'+6F) 
—(F’+6F)R(F'+6F) }. 


The calculation of Q, U, etc., from ® is a matter of 
finite dimensional matrix algebra. 

The above form of the dispersion theory differs from 
older formulations by not assuming that the wave 
function in closed channels has died out where these 
channels reach S. In this regard, the above are very 
similar to the formulas which appear necessary for the 
investigation of the behavior of the collision matrix 
near a threshold for a “new” reaction.* They differ 
from these by allowing the use of more general boundary 
conditions on S—a possibility which will be made use 
of later. The derivation of (13) consists of the applica- 
tion of (9) to the wave function (12a) and need not be 
given in detail. 

It should be remarked that while UV and Q are inde- 
pendent of the position of the surface S dividing in- 
ternal and external regions, the R, as well as ®, are 
dependent thereon as well as on the values chosen for 
the b. If one permits a row and column of R to corre- 
spond to every member of the orthogonal set y,, the 
above formulas are, naturally, rigorous. However, the 
evaluation of ® by (9a) then becomes the real problem, 
along with the determination of the K,. 


(13b) 


IV. APPROXIMATE EQUATIONS 


If we treat the K, which occur in (9a) and the F,, 
G,, F,’, G,’ which are implicit in (13) as constants, Q 
permits an expansion similar to (6a): 

@) X @) 


Q(E)=x ——+4, 
¥ Hy—-E 


(14) 


with energy independent w, H, and q.!° [Actually, K; 
need not be constant; see the remarks after (9a). ] 
It must be realized, however, that the expansion (14) 
will represent Q only in the energy range in which the 
actual K, F, G, etc., are still close to the constants which 
were chosen for these quantities when making the ex- 
pansion (14). Outside this range, (14) will not represent 
Q and, in particular, the resonances H, which are out- 
side this range have no physical significance. Neither 
is the expression (14), outside of its range of validity, 
independent of the location of S. It is true that one 
can represent Q in almost every sufficiently narrow 
energy range by an expression like (14) but the H, wo, 
and g will be different for different energy ranges. A 
representation like (14) valid for every E is impossible ~ 
because Q (as well as U), as analytic function of energy, 
will have not only poles but also branch points and it is 
not clear that all the poles of Q are real. The possibility 
of the expansion (14) under the stated assumptions 


10 The effect on the resonance cross sections of the energy varia- 
tion of the F’s and G’s has been investigated by R. G. Thomas, 
Phys. Rev. 81, 149 (1951). 
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follows,® however, from the fact that the bilinear form 
of the Q, as defined in (13) and (9a) with constant K, 
F, G, etc., is an analytic function of FE, the imaginary 
part of which has the same sign as the imaginary part 
of E. We shall now determine the constants in (14). 

In order to determine the H,, we may note that the 
determinant of the square bracket of (13) must vanish 
where Q becomes infinite. Hence, the linear homogene- 
ous equations for the w,:, 


¥ LG—(G'+ 66) @(A,) Ja(G'+ 6G) w=, 
will have a nontrivial solution. One can then calculate 


the reciprocal of the square bracket of (13) in the neigh- 
borhood of H, and obtain 


(15a) 


(15) 


in which Q, is regular at E=H,. The w, of (14) are the 
solutions of (15a) so normalized thet the scalar product 


V.Dwl (G’'+6G) A(A,)(G’'+6G) J.oe=1. (15b) 


The dot again signifies differentiation with respect to 
the energy. 

The above determines the H, and w. In order to 
determine the g of (14), one may insert for E a very 
large imaginary value. The ® then vanishes in (13) 
and one obtains 


q=—F/G. (16) 


It is possible to simplify the above formulas con- 
siderably by choosing 6, = —G,'/G,. One sees from either 
(12a) or (15a) that the H, then become equal to the 
E, and one has also 


A= Ey; ®us= (17) 


In order to calculate the collision matrix U from (14), 
it is customary to assume that only one term of the 
infinite sum of (14) is significant, the one closest to E. 
The others are then neglected in comparison with 
q= —F/G. With the 5, as chosen for (17), this gives 


1—iF/G (+iF; /G)ayX (1+iF/G) ad 
=-——— 4 2 (18) 
1+iF/G H,— E—i(,: (1+iF/G)- l,) 


Go us for 6,= — G,’ G,. 





Squaring (18) one obtains the usual potential scatter- 
ing, resonance, and interference terms. The level H, is 
shifted to H,+A, and has partial and total widths, 
r,, and I, 


r,= Lal 'ns ; 
A,=2(F o/Gs) Tus 


The first term of the approximate expression (18) for 
U clearly depends on a, while the actual U is, of course, 
independent thereof. The approximation which is least 
justified, and which is directly responsible for the de- 
pendence of this expression on a,, is the neglect of all 
but one term of the infinite sum in (14). The most 


Pye=2(GP+ FP) Yn; 


(18a) 
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significant contribution of the \+y terms, in the neigh- 
borhood of E=H,, comes not from the #, which are 
close to H,, but from the cumulative effect of the 
distant resonances and these are the ones which com- 
pensate for the a, dependence of g. That the close 
resonances are in general less important can be seen by 
a comparison of the quantities ¢,= —F,/G, and w,,’/D 
~vy,2/G?D where D is the level spacing. On the basis 
of the well-known estimate" for y,.2/D~1/K, which 
will also be derived in the present article, the ratio of 
these quantities is of the order F,G,K, where K is of 
the order of 10 or 10 cm~'. The quantity F,G, can 
be estimated from (4) to be of the order of the re- 
ciprocal of the wave number &, for disintegration into 
the pair s in the energy range in question. Hence q is, 
in general, several times larger than any single term of 
the sum. Naturally, this holds only in a general way 
and the effects of adjoining resonances on each other 
cannot always be neglected. 

The cumulative effect of the distant resonances is 
not very important as far as the nondiagonal elements 
of Q are concerned: the w,,w; are as likely to be posi- 
tive as negative for s+¢ and they cancel on the average. 
However, as far as the diagonal elements are concerned, 
the positive contribution of the large H, terms can be 
expected to be larger than the negative contribution 
of the H,<E terms. The cumulative effect of the \+4u 
terms on the diagonal elements of Q is probably quite 
appreciable.'? Hence, the proper significance of the 
radius a, which one finds by fitting the experimental 
data to (18) is the value at which —F,/G,=Q,, ss. It 
would therefore be more accurate not to replace the 
Q, of (15) by —F/G but to assume simply that it is a 
diagonal matrix which varies but slowly with E. The 
form of U is then still given by (18), but the F therein 
no longer represents the value of the regular solution of 
Schrédinger’s equation at any particular point but 
simply G.Q, where Q is the diagonal part of Q,. As the 
preceding paragraph shows, this quantity depends but 
little on u. This change permits one to write U in terms 
of quantities which are all at least approximately inde- 
pendent of a,: 

_1+iQ i. (1-1) ‘wy X (1— iQ)“ 


wer E, -E- i(w,° aren ‘wu) 
+8, oe 'G'¥.X (1-1Q)G"4, 
“11 B,—B-1Gy,- (1-1) 


The fact that the w,,=G,"y,, are practically inde- 
pendent of a, will be verified again in the next section. 
Naturally, F/G remains a reasonable estimate for —Q, 
though, in general, it will be an overestimate. 

The difficulty of bringing Q and U into a simple form 
which would be valid for all £ entails the difficulty of 
interpreting experimental data in a simple but rigorous 


1! Feshbach, Peaslee, and Weisskopf, Phys. Rev. 71, 1451 (1947). 
2 E. P. Wigner, Proc. Cambridge Phil. Soc. 47, 790 (1951). 


(18b) 
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fashion without having recourse to (13). This equation 
is difficult to handle, particularly if there are several 
open channels, i.e., if Q@ and U have more than one 
dimension. Although most of the formulas of this sec- 
tion are only approximate, they are a good representa- 
tion as long as K, F, F/G, etc., vary only slowly with 
energy. This will be the case only if the a, can be chosen 
rather small—which explains the endeavor of the 
previous sections to lay S as close as possible to the 
nuclear surface. 


V. THE SINGULARITIES OF S-INDEPENDENT 
QUANTITIES 


The Q and U considered in the previous section 
represent the actual Q and U only in a restricted energy 
region because it was assumed that the K, G, G’, F, F’ 
are independent of energy. It is this assumption which 
assured the possibility of the expansion (14) for Q. 
In the present section we shall derive rigorous formulas 
for the poles of Q. The positions and residues of these 
poles are, naturally, entirely independent of the size 
and shape of the internal region and we shall obtain 
relatively simple expressions for them. However Q’s 
poles and their residues do not determine Q in the way 
in which R was determined by the corresponding quan- 
tities. Thus the exact expressions for Q’s poles and 
residues will be used only to compare them with the 
corresponding quantities of the Q and U of the pre- 
ceding section. This will provide an orientation of how 
closely the latter approximate the actual Q and U. 

At the energy values H, which are poles of Q, there 
is a stationary state y, which consists only of the irregu- 
lar solutions G in the external region. This follows from 
(12a). If QO becomes infinite at a real H,, the deter- 
minant of the square bracket of (13) must vanish, i.e., 
the linear equation (15a) for w,, must have a nontrivial 
solution. Hence this last equation is also correct® for 
the actual Q if the G, G’ therein are given their actual 
values rather than treated as constants. One can verify 
on the basis of this equation that in the external region 
¢u is given by 


n= Dd u:G.(rs), (19) 


i.e., has the amplitude w,,G, in the sth channel. This 
gives the physical interpretation of the ratios of the w,.. 

One can again expand Q in the neighborhood of H, 
and find that its singular part remains the expression 
given in (15) which is, therefore, also accurate. In this 
calculation, one must take into account that F and G 
also depend on energy and this leads, for the normaliza- 
tion of w,, to 


yd G'G—GG’ 
+(G'+6G)R(G'’+ 6G) J .tour=1 


>. 


ew he 


(20) 


instead of (15b). This equation which determines the 
absolute value of the w,, can be interpreted in the fol- 
lowing way. By (7a), the term which contains ®& is 
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equal to 


(2M ie) f ecav, (21a) 


V 


the integration to be extended over the internal region 
V. Furthermore, because of the identity 


—(2M/h?) f G2dr,=[G,'G.—GG," Jao”, (2b) 


the other two terms of (20) are equal to the negative 
integral of (2M/h®)y,2 from the a, at which G,'G, 
—G,G,'=0 to the boundary of the internal region; 
uc is the function which has the form (19) everywhere. 
This shows that (20) amounts to the normalization of 
S ¢,2dV =h?/2M, the integration to be extended inside 
the surface S) which intersects the s channel at ayo, 
if So lies in the external region. If So does not lie en- 
tirely in the external region (which is most unlikely), 
¢, and hence the w are normalized by 


s 
f ordv— f 
8 


The first integral is to be extended over the internal 
region, bounded by S; the second over the region be- 
tween So and S. gy. is generally not a solution of the 
quantum-mechanical equations but is defined every- 
where by (19). On the other hand, ¢, is a solution of the 
quantum-mechanical equations and represents a state 
of energy H/,. In the external region, ¢, has the same 
form (19) as gye so that (21) is clearly independent of 
the position of S as long as S is in the external region. 
This then holds also for (20), which is only another 
form of (21). 

The ao which correspond to closed channels are 
infinite because, in this case, G, and all its derivatives 
vanish only at infinity. Hence the part of the second 
integral of (21) which refers to these channels is always 
positive. Since, for a free particle, k.a,0~/ the same will 
be true in those channels s which represent disintegra- 
tions into particles without long-range interaction and 
high relative angular momentum, or with repulsive 
interaction. It is possible, however, for the second term 
of (21) to be negative and larger than the first term. 
In this case w, will be imaginary and the sign of the 
singular term of (15) will be opposite the usual one. 

The above considerations may be also carried out 
using instead of F and G a different set of linearly inde- 
pendent solutions, # and G, of the external (two- 
particle) motion: 


s 
vucdV =h?/2M. 


(21) 


F=tF +16, 
G=tF+xG. 
Using the same normalization as before, one must then 


have 


éx—nf=1. 
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The above arguments then go through in an analogous 


way, with Q replaced by 
Q=(—n+£)/(x—$0). 


In particular, if one places n=1, f=—1, £=x=0, the 
a. all become zero, and both integrals in (21) have to 
be extended over the whole internal region. One may 
even put £={¢=i, x= —n=1, in which case 
Q=U, 

so that U itself appears on the left side of (15). How- 
ever, the roots H, of (15a) all become complex in this 
case, and the F and G are highly singular at infinity. 

In the energy interval in which boundary conditions 
used in the previous section are not substantially dif- 
ferent from those used here, (15a) will lead to the same 
H, with the constant G, G’ used there as with the 
variable G, F’ used here. The question as to how nearly 
the Q, will be independent of energy—and independent 
of u—is more difficult to decide. It is clear that (15) 
cannot be used just between resonances and nobody 
will want to use it there. It may be useful to remark, 
however, that at the point H,+A,, where Q, was set 
equal to Q, this will remain justified except at very 
high energies because A, is generally well below the 
level spacing D. This follows from the formula quoted 
before, viz., y-~D/K, whence A,~(FD/G)/K(F?+@). 
The denominator of this expression is by (4), of the 
order of K/k,, i.e., well in excess of 1 while F/G is 
usually less than 1. Finally, the G’'G—GG’ term in (20) 
will be much smaller than the term with ®, and can be 
neglected as in (15b), unless the radii @, are chosen 
extremely large or unless the y? are close to their 
maximum possible values, to be discussed below. If 
neither of these conditions obtains, the quantities w 
defined by (15), (15a), (15b) will be very nearly equal 
to the w of the present section and, hence, within 
limits independent of the a,. Since (17) is a direct 
consequence of Eqs. (15), this also verifies that, for 
b,=—G,'/G,, the G.yy, are independent of a,, as 
claimed in the preceding section. One can see this also 
more directly from (19): calculating y,,. from (19) by 
(6b) we find (h?/2M)'w,.G.(r.) divided by the square 
root of the integral of ¢,? over the internal region (the 
X in (6b) is normalized). This square integral is given 
in (21) as h?/2M plus a quantity which, though de- 
pendent on 5S, is in general much smaller. 


VI. SUMMARY OF THE ABOVE SECTIONS 


The purpose of the above sections was to establish 
the connection between observed level widths and the 
reduced widths which occur in the R matrix and which 
are given by (6b). The connection is given approxi- 
mately by (18a); the T',, of that equation is, also ap- 
proximately, independent of the size of the internal 
region. 

The singularities of 0, which defines U’ by (11), are 
rigorously given by (15). They are situated at those 
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energy values at which there is a solution ¢, of the 
wave equation in the internal region, the continuation 
of which in the external region (19) contains only 
waves with a phase shift +2/2. The w, of (15) is 
given by 


Glin f ea dV, (22) 


which is the analog of (6b) but gives a normalization 
which is strictly independent of the size of the internal 
region. The normalization of ¢, is given by (21) 
[which also takes care of the absence of the (#?/2M)! 
factor in (22) ]. The position of the surface Sp is defined 
by the condition that G’G—GG’ vanish on it. This then 
gives a natural size to the internal region. One is led 
back to the formulas quoted in the first paragraph of 
this section if the second integral in (21) can be neg- 
lected as compared with the first one. This will be the 
case if the width of the resonances is considerably 
below the upper limit to be derived in the following 
section. 

The potential type term Q, of (15) contains, in 
addition to —F/G, the effect of other resonances. It 
appears that the cumulative effect of distant resonances 
is more important than that of the close-by ones and 
contributes mainly to the diagonal elements of Q,. 
Both parts of Q, depend on the size of the internal re- 
tion, but their sum is independent of it. The radii a, as 
determined from a fitting of the experimental data to 
the formulas derived from (15), such as (18a), have 
no other significance but that the second part of Q, 
vanishes for this choice of a,. 

The reduced R matrix ®, the Q, and U all have 
singularities in addition to the poles discussed above. 
In particular, they all have a branch point at every 
reaction threshold. Hence the cross sections will have 
singularities at the thresholds which generally turn out 
to be cusps.° 

Since it is impossible to observe the phase of the out- 
going wave directly, neither U nor Q can be determined 
experimentally without some recourse to theory. The 
theory, however, remains simplest, and the determina- 
tion of the U, Q, etc., most unique, if one has widely 
separated sharp resonances. In this regard, the present 
more general formulation of the dispersion theory does 
not differ from older and more simple formulations. 


VII. EFFECT OF THE VARIATION OF THE 6, 


The purpose of the remaining sections is to derive 
sum rules which permit an order of magnitude estimate 
of the y,.. The expression (6b) for these has, apart from 
the factor (h?/2M)', the same form as a transition 
probability. However, the two sets of functions X and 
y are defined in different spaces: the former in the 
internal region, the latter on the surface thereof. As a 
result, no mathematically rigorous formulas can be 
derived for them in general. The sum rules to be de- 
scribed below both involve assumptions which have 
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Fic. 1. 6 is the negative logarithmic derivative of the internal 
wave function in one of the channels. The abscissa is that value 
of the energy at which R has a pole when the boundary condition 
in Eq. (2) is bs=b. Hence Ey, Ey41, Ex+42,--* are energy values 
at which R has a pole for the boundary condition 6,=0. The value 
of the normalized wave function at the boundary is proportional 
to yas, and its derivative to B),. 


only approximate validity. The only simple interpreta- 
tion of (6b) which is free of special assumptions is to 
regird it as an integral over the whole internal region. 
This is possible after replacing y,(i., Q.) by y, times 
the 6 function of the distance of 7, from S in configura- 
tion space. Then, (6b) becomes an expansion coefficient 
of this function in terms of the X,. The sum of the 
squares of all expansion coefficients is equal to the 
square integral of the function. Hence 


Dayrvr=%, (23) 
because the square integral of the 6 function is infinite. 


On the other hand, the integral of ¥,¥; vanishes over 
S and one infers from this that 


DSayayne=O if st. 


This equation means that the signs of the y,. fluctuate 
irregularly with \ so that (23a) may be true for all s 
and /. It is this property of the y,. which enabled us to 
approximate Q, of (15) by the diagonal matrix Q. The 
argument leading to (23), (23a) was given in more 
detail elsewhere,’ where the derivation of (32) was 
also given on a similar basis. 

It will be useful for the subsequent developments to 
investigate the dependence of the E, and X, on 8, in 
some more detail. We shall keep all 6, fixed, except one, 
b,, and look for the energy values at which 6, assumes 
a given value 6. The calculation will be carried out by 
means of the formulas of the first section which in 
principle permit the solution of every boundary value 
problem. We shall have, therefore, a basic set of X,, Ey 
which obey (2) with fixed },, and which define the R 
to be used in the calculation. There will be another set 
of X, E and y (but not of R) for which 8, are all equal 
to the corresponding 6, of the basis set, except the 
b,,=6 which will be variable. The 6, of the basic set 
will be chosen zero for convenience. The characteristic 


(23a) 
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values Ey and characteristic function X, of the set 
with variable 6, will be called £,(6) and X,(6) and a 
similar notation will be adopted for the 7.. 

A comparison of (5), (Sa), with (2) shows that we 
are looking for a g[ =X (6) ] for which ba:+8,=0 for 
t+u and ba,+8.,=0. As a result of the former rela- 
tions, only the « term will remain in the summations 
in (6) and since 6,=0 in the basic set, we have 


—Bu/b=au=RuBu- (24) 


The last equation shows that the £,() is that value 
of E between Ey and E),; at which R,, becomes 
—1/b. There is always one and only one such E which 
we shall call £,(6); the R,, in (24) is supposed to be 
taken at this E. It then gives all the 6 in terms of B,. 
The corresponding wave function, when normalized, 
is called X,(6). From (7) and (7a) we have 


(25) 





Again, R,, should be taken at E=E,(b). From (6b) 
we further have 


Yru(d) = Ryu(Ruv)~ 1, (26) 


This is actually the a, for a normalized ¢ satisfying 
the above boundary conditions. The corresponding 8 
will be denoted by §,.(b). They are 


Brul ()=— bynu(b) = (Ruw)~. (27) 


Hence, the qualitative picture which emerges is as 
follows (see Fig. 1): As one increases b,=b, the E(d) 
will also increase. At the same time X,(b) and hence 
also the y,. will change. E,(}) will remain finite as 6 
becomes infinite and in order to further increase EF, 
one must let 6 jump to — © and let it increase again. 
By the time b has reached its original value, £,(6) will 
have shifted to where the next higher Z) was originally. 

Concurrent with the change of E,(b), both y,u(d)? 
and (6) will change, their ratio remaining, of course, 
1/6". For b=0, the B,,,(0) vanishes and y,.(0) is close 
to its maximum value. As 6 increases, 8,.(b)? will in- 
crease and come close to its maximum value forb=+. 
At this point y,.(0)? is zero. As 6 starts to increase 
again from — ©, (6)? becomes again finite and, when 
6 has again reached its original value, both y,.() and 
Bx.(6) will have assumed the values of the y,+1 , and 
Brv+1 wu, respectively. At the same time X,(6) will have 
changed to +X)4:. The same picture holds for every 
u, except that one may arrive at different signs for 
Xy41 by changing different b,. Also, if y. is a very 
highly excited state, practically all the increase of 
E,(’) will take place in a very narrow range of 6. It 
may be remarked finally that all the other y,: will 
change concurrently with y,.. One can see, in fact, 
that if (23a) is valid, some of them must have gone 
through zero and changed their sign during the above 
process. 
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Vl. THE SUM RULES 


If S is chosen close to the nuclear surface, the inte- 
grands of 


(h? zat) f |xs()|*4s and 
(7/24) [| graaxy(0) "as (28) 


will be just about as large on the surface as inside the 
nucleus on the average over a reasonably large range 
of E,(b). The latter averages are, however, clearly 
h?/2MV4 and T/V4, where V is the volume of the 
nucleus, 7 the total kinetic energy, and A the number 
of nucleons in the nucleus. On the other hand, the sums 


Levn.(b)? and DY .Br.()’, (28a) 


extended over all those states s which correspond to 
the same nuclear products, irrespective of their state 
of excitation, are equal to the integrals (28) over the 
corresponding part of the surface S. The area of this 
part of S is V4~'47a,’, the first factor arising from the 
integration over the internal coordinates of the re- 
sidual nucleus, the second factor from integration over 
Q,. Hence on the average over £,(b) 


Dns (b)!?= 4002 V4? /2M V4A=3h?/2Ma,. (29) 
D Brs(b)?= (1/3A 4a 2V49T/V4A=T/Aa,. (29a) 


The factor } in this last expression originates from the 
fact that (5a) contains only one component of the 
grad, that perpendicular to S. On the other hand, all 
three components enter into the expression for the 
kinetic energy. 7/A is, of course, the kinetic energy 
per nucleon. 

The above formulas were derived without regard to 
the identity of the particles in the nucleus. If one 
takes this into account, one obtains a further factor V 
or Z in (29) and (29a), depending on the nature of the 
particle (neutron or proton) that constitutes the extra 
particle in the pair s. This extra factor is undoubtedly 
present in (29), (29a), if one extends the summation 
over all states of excitation of the residual nucleus, in- 
cluding those in which a neutron from one of the very 
low levels is missing. If one restricts the summation 
to the not too highly excited levels, the sum rule as 
given above should be valid. There is a similar phe- 
nomenon in the sum rule of atomic spectra. Strictly 
speaking, one can only claim that the sum of the f 
values is Z if one considers the transitions to all possible 
levels from the level in question. However, if one only 
considers transitions of a single electron, the sum of the 
f is close to 1 and, in particular, the f of a single transi- 
tion from the normal state is probably never greater 
than 1. Similarly, no single y,.(6)? can be expected" 
[on the average over E,(b) ] to be larger than the right 
side of (29). Hence y*/(3h?/2Ma,) will play a similar 


8 R. de L. Kronig and H. Kramers, Z. Physik 48, 174 (1928). 


role for the reduced width as the f value dues for optical 
transitions. This quantity is given in the sixth column 
of Table I. 

Considering the accuracy with which the nuclear 
density remains constant, the writers believe that (29) 
is accurate within about 25 percent if it is averaged 
over a sufficiently wide range of energy. Because of the 
fluctuations which even the maxima of ,.() show, the 
range may have to extend over several resonances. 
However, what is needed for the earlier formulas is the 
value of y,, for a definite value of 6, such as 6=0 for 
slow neutron resonances. This can be only estimated 
from (29). If the energy of the nuclei which constitute 
s is below Ey, one would expect that y),(0)?, as function 
of E,(b), is a function similar to the sine, as illustrated 
in Fig. 1, with the maxima and minima about equally 
broad. One can assume for the energetically possible s, 
and hence also for their sum, that the maxima are about 
twice as high as the averages given in (29). Together 
with by,.(b)+8).(6) =0 this then gives 


6h*T/Aa, 
Loe ell heme (30) 
3h°+2MT/A 


as the upper limit of the sum of y),(5)* for energetically 
possible s. We call (30) the first sum rule. 

One can describe the first sum rule in less mathe- 
matical language. According to (6b), the reduced width 
yx. is (apart from the factor h?/2M) equal to the 
probability, for the state X,, that (a) the distance r, 
of the pair of nucleons constituting s be in a unit 
interval at a,, and (b) that the state of the products 
be described by y,. Hence the sum of all y,,° is simply 
the probability that r, be between a, and a,+1. This 
probability depends on the boundary condition for 
X), that is, on b. It is zero for infinite 5; for b=0 it is 
twice as great as the ratio of the volume of a spherical 
shell of thickness 1 to the volume of the whole sphere 
of radius a,. This is the meaning of (30). If s consists 
of a residual nucleus and a single extra particle, the 
left side of (30) will contain only one significant term 
if the total wave function X) is the product of the wave 
function for the stationary state s of the residual nu- 
cleus and of a function of the distance of the extra 
particle from the residual nucleus, i.e., if the single 
particle picture applies for X,. Hence in this case 
ya.’ will be close to the maximum value given by the 
right side of (30). It will not be exactly equal to this 
value because the probability distribution of the extra 
particle is not uniform throughout the volume of the 
nucleus if the single particle picture is valid. However, 
(30) will be valid in this case approximately with the 
summation sign omitted on the left side and the 
< replaced by the ~ sign. 

In the opposite extreme case of a many particle 
picture we can still expand the compound state wave 


function 
X,=> D tnCrenWilen (1s). (31) 


aPe. 
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TABLE I. Widths and spacing of nuclear reaction resonance lines. 
lll lll 
Ey ry, Vr? D yn2/D 2May,2/3h? 
Reaction kev kev 1078 kev cm kev 10743 om % ev References 
He‘+n 1150 1550 9810 49 a 
Li?-++n 270 45 3500 1000 3.5 17 b 
Li?(p, y) 440 12 1300 1000 1.3 6.3 20 ade 
Li*(p, n) 2230 200 410 1000 0.41 2.0 he 
Be’+n 625 35 290 1000 0.29 15 hi 
2600 800 1180 1000 1.2 6.2 ’ 
Be®+ p 305 164 1200 1000 1.2 6.3 d 
988 94 500 1000 0.50 2.6 e 
1077 4 21 1009 0.02 0.11 e 
2420 150 310 1000 0.31 1.6 k 
BU+n 430 45 1000 1000 1.0 5.6 i 
B+ p 162 5 1420 1000 1.4 7.9 4,1 
C2+ p 453 35 3180 1000 3.2 18 d,e 
C+ p 550 40 2060 1000 21 12 de 
Nn, @) 2200 260 340 500 0.67 2.0 = 
O'F+n 440 45 760 500 1.5 49 i 
1000 100 660 500 1.3 4.3 ‘ 
1300 40 170 500 0.34 1.1 : 
1900 30 90 500 0.18 0.5 a 
2370 120 180 500 0.36 1.0 a 
O'6+ p 550 ~5000 3000 yf 33 v 
3110 48 3000 0.01 0.32 ° 
F'+ 100 15 90 100 0.90 0.60 i 
Na™+n 3 0.17 7.1 100 0.07 0.05 
Mg**+n 85 23 1780 400 4.4 13 a 
275 145 2360 400 5.9 17 a 
430 62 590 400 15 4.2 4 
860 50 230 400 0.58 1.6 a 
2540 150 210 400 0.52 1.5 i 
Si®*+n 195 66 340 400 0.85 2.5 a 
570 38 250 400 0.63 1.9 a 
S?+-H 111 18 130 300 0.41 0.98 r 
375 12 45 300 0.15 0.35 r 
585 2 12 300 0.04 0.11 . 
700 12 30 300 0.10 0.24 ° 
S3(n, p) 2390 80 120 300 0.39 1.0 ® 
2800 8) 110 300 0.36 0.90 s 
3100 200 270 300 0.89 2.2 ® 
3460 200 240 300 0.81 1.9 ® 
S*(n, a) 3020 390 390 300 1.3 3.1 = 
ev ev 1078 kev cm kev 107-3 cm % 
Cl’+-n —75 2.63 1.38 10 0.10 0.011 $ 
Slt 2700 780 68.4 100 0.68 0.62 u 
76,000 19,000 155 100 1.6 1.4 " 
Mn*-+n 345 5 0.66 2 0.33 0.006 2 v 
2400 300 13.9 2 6.9 0.13 w 
Co*+n 126 5 1.0 2 0.50 0.008 x 
Ni+n 15,000 4000 74 50 1.48 0.70 y 
Zn+n 500 1.2 0.12 2 0.06 0.001 1.7 2 
Ge+n 95 0.37 0.085 0.1 0.85 0.0008 an 
Br+n 36 0.16 0.118 0.1 1.18 0.0009 x 
ev Mev 1073 ev/em ev 10-8 em 104 & ev 
Ru-+n 9.0 0.4 0.3 20 0.02 0.03 bb 
Rh!3+4 9 1.3 0.33 0.65 20 0.03 0.08 0.14 ad 
Pd 5+ » 24 49 23 50 0.46 2.7 0.14 ad 
Ag'"+n 5.1 11 12 50 0.24 1.4 0.12 oe, ff 
13 48 3 50 0.06 0.35 ee 
Agl074 » 45 13 4.5 50 0.09 0.52 ~ 
Cd' 84» 0.18 0.6 a 50 0.06 0.38 0.11 vee 
In!+m 1.4 ae 5.2 10 0.52 0.62 bb 
38 3.7 5.0 10 0.50 0.60 bh 
8.6 21 16 10 1.6 1.9 bb 
Sb+n 5.8 1.1 1.0 15 0.06 0.12 ¥ 
15 8.1 4.8 15 0.32 0.58 v 
21 11.3 5.7 15 0.38 0.60 v 
Te!234-9 22 15 2.3 10 0.23 0.28 ad 
[274% 20 2.3 1.2 20 0.06 0.15 ii 
Sm'4¥9+4n 0.096 0.024 5.5 40 0.14 0.72 0.03 ee 
Eu+n —0.011 0.008 0.17 10 0.02 0.02 0.08 a 
0.54 1.25 3.8 10 0.38 0.49 0.07 eo 
Gd+n 0.03 0.29 3.8 10 0.38 0.50 0.05 e 
Dy+n 2.9 6.7 10 0.68 0.88 bh 


—1.01 
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TABLE I.—(Continued). 


























Ey ry, vas D vae/D 2May 2/3? 
Reaction ev ev 107" ev cm ev 10-4 cm % ev References 
Ta'*!+n 4.1 1.4 1.5 10 0. 14 0.21 bb 
10 1.9 14 10 0.14 0.20 bh 
13 0.3 0.19 10 0.02 0.03 bb 
22 1.4 0.66 10 0.07 0.09 hb 
W+n 4.0 2.4 2.7 10 0.26 0.38 bb 
7.4 1.7 1.4 10 0.14 0.20 bb 
Re+n 2.4 0.18 2.6 10 0.26 0.36 bb 
Os+n 6.5 3.1 2.8 20 0.14 0.39 kk 
8.8 15 11 20 0.55 1.5 kk 
20 24 12 20 0.60 1.7 kk 
Ir+n 0.64 0.29 0.79 10 0.08 0.11 0.07 ¥ 
1,28 0.56 1.1 10 0.11 0.15 0.07 bd 
5.2 4.4 44 10 0.44 0.62 vy 
8.7 6.7 5.1 10 0.51 0.72 ? 
Pt+n 11.5 13.9 8.9 20 0.44 1.3 bh 
18.2 12 64 20 0.32 0.91 bb 
Aun 4.8 15 16 40 0.40 2.3 bh. dd 
Hg!+-n —2.0 27 31 50 0.62 44 n 
U*8+n 11 8.6 5.9 0.89 mm 
kev kev 10-" kev cm kev 107" cm % 
Ph™+n 250 10 70 400 0.18 0.029 nn 
525 10 50 400 0.13 0.021 an 
720 10 40 400 0.10 0.017 =e 
*® Bashkin, Mooring, and Petree, Phys. Rev. 82, 379 (1951). 
> R. K. Adair, Phys. Rev. 79, 1018 (1950). 
° Fowler, Lairitsen, and Lauritsen, Revs. Modern iors. 20, 263 (1948). 
4 Lr Holtsmark, and Tangen, Z. Physik 118, 48 (194 
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j Allen, Burcham, and Wilkinson, Proc. Roy. Soc. (London) A192, 114 (1947). 
* K. E. Davis and E. M. Hafner, Phys. Rev. 73, 1242 (1948). 
1M. R. MacPhail, Phys. Rev. 57, 669 (1940). 
™ A. Stebler and P. Huber, Helv. Phys. Acta 21, 59 (1948). 
® Bockelman, Miller, Adair, and Barschall, Phys. Rev. 84, 69 (1951). 
oR. Laubenstein and M. J. W. Laubenstein, Phys. Rev. 84, 18 (1951). There are also higher resonance levels with characteristics aang to the 
310 (1951), and that of H. L. Jackson and A. I. Galonsky, Phys. 


OM +n levels. This article, together with that of R. K. Adair, Phy s. Rev. 81, Rev. 84, 
Marschall and D. Wiskott, Z. Physik 129, 619 (1951). 


401 (1951), gives a very neat and practical method for analyzing > distributions. See also H. 
» Hibdon, Muelhause, Selove, and Woolf, Phys. Rev. ee 730 (1949 
aR. E. Fields and M. Walt, Phys. Rev. 83, 479 (195 
r Barschall, Bockelman, and Petersen, Phys. Rev. ty 593 (1950). 

5 Bleuler, Helv. Phys. Acta 20, 519 (1947). 
Hibdon and C. O. Muelhause, Phys. Rev. 79, 44 (1950). 

u x Ww. McReynolds and R. J. Weiss, Phys. Rev. 83, 171 (1951) 
v Rainwater, Havens, Wu, and Dunning, Phys. Rev. 71, 65 (1947). 
» Harris, Hibdon, and Muelhause, Phys. Rev. 80, 1014 (1950). 
x L. J. Rainwater and W. W. Havens, Phys. Rev. 83, 1123 (1951). 
¥ Barschall, Bockelman, and Seagondollar, Phys. Rev. 73, 659 (1948). 
* Coster, Groendijk and de Vries, Physica 14, 1 (1948). 
ss L. J. Rainwater, Washington Meeting, American Physical Soc ay (1949), 
bb Goldsmith, Ibser, and Feld, Revs. Modern Phys. 19, 259 (1947 
ee Borst, Ulrich, Oxbourne, and Hasbrouck, Phys. Rev. 70, 557 (1946). 
dd _ Goldhaber and L. Lowry, private cag ig — grt 

J. Rainwater —_ W. W. Havens, Phys. Rev. 70, 154 (1946). 
rr W. Selove, Phys. Rev. 77, 557 (1950). 
es W. W. Beeman, Phys. Rev. 72. 986 (1947). 
bb Rainwater, Havens, Wu, and Meaker, Phys. Rev. 71, 165 (1947). 
iC, Heind! and I. W. Ruderman, Phys. Rev. 83, 660 (1951) 
i) W. B. Jones, Phys. Rev. 72, 362 (1947). 
kk Rainwater, Havens, and Wu, Phys. Rev. 71, 174 (1947) 
'! Harris, Hibdon, Ringo, and Robillard, Phys. Rev. 82, 560 (1951). 
mm H. L. Andersen, Phys. Rev. 80, 499 (1950). 
22 Peterson, Adair, and Barschall, Phys. Rev. 79, 935 (1950). 





In the sum, it is necessary to consider only those ¢ nucleon. The y,, now becomes 

which correspond to the separation of thé compound ag 

state into ae same pee nt though in diferent Yaa (H/2M)* 2 ncranttn( ds). (31a) 
states of excitation. We shall consider the case of the 
separation into a residual nucleus and a single extra 
particle; the summation has to be extended then over 
all the stationary states of the residual nucleus and/in Hence, 
(31) enumerates these stationary states. In contrast to integral of the square of u,(a,) over Q, will be of the 
the single particle picture, many of the terms are now’ order of 3/a,, its magnitude also depending on the 
of about equal significance in (31). The u,(r:) denotes boundary condition at a,, i.e., on 6. If (31) consists of 
the various single particle wave functions of the extra substantially only one term, the corresponding ¢,, will 


If a, is the nuclear radius, the amplitude of the single 
particle wave functions u,(r,) may be taken at least 
roughly constant over the volume of the nucleus. 
because of the normalization condition, the 
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be unity and (31a) leads us back to the formula valid in 
the case of the single particle picture. However, if 
many of the c,, are finite, the square of (31a) can be 
estimated to be 


Vre2= (3h?/2M a,)>. nCron- 


In (31b), the cross terms have been neglected because 
they are as likely to be positive as negative. The sum 
in (31b) must be expected to be considerably smaller 
than 1 because the normalization of (31) demands that 
the sum of Car,” over m and ¢ be 1 and the terms with 
t=s constitute only a small fraction of all the terms. 
We must therefore expect that the values in the seventh 
column of Table I drop from a value close to unity, in 
the region in which the single particle picture is at 
least approximately valid for the compound states, to 
a very small fraction of this value in the region where 
the many particle picture is appropriate for the com- 
pound nucleus. This is in fact what is observed, the 
y,. which amounts to several percent of 3/°/2Ma, for 
light elements, dropping to a few parts per million of 
this quantity in the slow neutron resonances of heavier 
nuclei. It is interesting to note in this connection that, 
at low A, y’ generally decreases with increasing excitation 
of the compound nucleus. This is what would be ex- 
pected from our picture, because the single particle 
model becomes less accurate with increasing excitation. 
We may remark parenthetically, though it does not 
have much to do with our subject proper, that there are 
indications of a decrease of level density as one passes 
the magic numbers, and that this is particularly evident 
at the end of the table. 

In fact, (31b) permits a somewhat closer estimate of 
y,.°. Because of the orthonormal property of the X), 
the sum of the c,.,2 over \ must be unity. There is, 
however, nothing special about any particular state » 
and it will have to share about evenly in the finite sum 
of Cys.” with all other resonances nearby. Let us assume 
that c,,,° is about evenly distributed over the A for 
which F, is within the energy range W,. The average 
value of one c,,,” will then be D/W, where D is the 
level spacing around E,. Naturally, we know very little 
about W,,. The smallest length that we can give it will 
be the difference between the energy values of the single 
particle levels n and n+1. This gives W,~nh?r?/Ma,. 
Under this assumption, only one » contributes to the 
sum (31b) and we obtain the estimate 


y."o~3a,D/22'n=3D/2rK’, (32) 


(31b) 


where K’=nz/a, is the average wave number of the 
particle in the nucleus. One recognizes in (32) the well- 
known estimate of Bethe, and Feshbach, Peaslee, and 
Weisskopf." If W,, is larger than the above estimate, 
every term in (31b) will be correspondingly smaller, 
but several terms will be finite and the result will not 
be much altered. 

In the derivation above, the origin of the estimate 
(32) is the sum rule for >> ycysn? while the sum > } snCrsn? 
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was significant for (30). One may call (32), therefore, 
the second sum rule. The present interpretation thereof 
uses the wave functions in configuration space rather 
than the semiclassical picture or the single particle 
picture employed in earlier derivations. Its result, how- 
ever, differs in only one important respect from the ones 
given before. One would expect from our picture that 
the y,,” show considerable fluctuations from resonance 
to resonance. While the earlier work is not outright 
inconsistent with the existence of such fluctuations, 
one would at first rather expect, on the basis of the 
picture on which they are predicated, that the y,,? are 
all very closely alike. The present experimental evi- 
dence, summarized in the sixth column of Table I 
seems to indicate that individual y,,2 may deviate 
considerably from the average given in (32). It also 
indicates that the average value of y,.?/D shows a 
considerable decrease from its value of around 2x 10-" 
cm at the light elements, where the single particle pic- 
ture is approximately valid, to about a tenth of this 
value for the resonances of heavier elements where an 
opposite picture may be more appropriate. While such 
a behavior does not obviously follow from our picture, 
it can be easily interpreted on the basis of the point of 
view here adopted. It is possible, for instance, that one 
relatively low-lying level, for which the single particle 
picture still applies, is closely approximated by y,u, so 
that relatively little of the sum >>yc,.,” remains for the 
states responsible for slow neutron resonances. The 
aforementioned decrease of the y,,.2/D along Table I 
becomes even more pronounced if one multiplies the 
right side of (32) by a further factor 2(1+3h76?A / 
2MT)- in order to take into account the dependence 
on 6 at least approximately. The y?/D is particularly 
small at the slow neutron resonances for which b=0. 

A more mathematical derivation of the second sum 
rule is implicit in Eqs. (27). Written out in more detail, 
it reads 


2 
Yus 


By.(b) 7 => (33) 


© [E.—Ex(b) 


In the sum on the right side, the terms n= and u=A+1 
will be, in general, considerably larger than the other 
terms. If 6 has a value which places E,(b) midway be- 
tween E, and E,,;, the sum on the right side will be 
close to #(y,2+yaa102)/2D® with D~E\41— Ey. If we 
assume in the sense of the above developments that 
By.(b)?~(2MT/Ah*)y,2 the above equation becomes 


Syaetyacis)o(D/eh)(2MT/A)3~D/rK, (32a) 


with K the average wave number of a nucleon. This 
argument seems also to show that there is a connection 
between individual values of the level spacing D and 
the strengths of the resonances at the two sides there of. 
Such a connection also seems to follow from earlier 
work,” 4 
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IX. DISCUSSIONS OF THE APPROXIMATIONS 


Throughout the considerations of the last section the 
boundary of the internal region was placed quite close 
to the nuclear surface. Since the nuclear forces have a 
finite range, the wave function will not have the form 
(3) in the external region. This circumstance may im- 
pair the results of the preceding section to an extent 
which is not easy to estimate. If the sole effect were a 
departure of the external region interaction from Cou- 
lomb’s law, it would only affect 6 which does not enter 
any of the formulas in the crucial fashion. This then 
means that the 7,” which occur in the preceding sec- 
tion and which refer to an internal region of the size of 
the nucleus cannot be calculated accurately in practice 
from the observed width. 

The impossibility of writing the wave functions in 
the external region in the form (3) with any F and G, 
ie., the possibility of a nuclear reaction outside the 
very small internal region of the last section, might 
limit the validity of the formulas of the preceding sec- 
tion more severely. Reactions of the nature just men- 
tioned, such as the Oppenheimer-Phillips process, the 
stripping and pick-up processes’ do in fact play a 
dominant role under certain conditions, and they cer- 
tainly invalidate the sum rule of the preceding section. 
Somewhat fortunately, if these processes become im- 
portant, the considerations of the first five sections, 
although perfectly valid with a sufficiently large inter- 
nal region, cease to give significant results. Hence there 
is little temptation to apply either the dispersion theory 
or the sum rules to interpret the aforementioned 
processes. 

A second point which should be brought up is the 
fact that the y, in terms of which the widths were 
calculated in the third and fourth sections, referred to 
the reduced matrix ® rather than the original R. As 
far as the sum rule (32) is concerned, this circumstance 
is without significance. The average value of y,,"/D is 
equal! to 1/m times the imaginary part of R,,(E+iE’) 
where E’ is large as compared with the level spacing 
but small enough so that D and the average y,.’ do 
not change appreciably in an energy interval E’. Be- 
cause of (23a), the value of R,.(E+iE’) becomes zero 
for s+? for such an E’, It then follows from (9a) that 
® and R,, are equal at E+iE’ so that the average 
yx.°/D has the same value, no matter whether the y 
occur in the expansion (6a) of R or in the similar ex- 
pansion of &. 

It is not difficult to convince oneself that the level 
spacing of ® is smaller than that of R. The reason is 


4 J. R. Oppenheimer and M. Phillips, Phys. Rev. 43, 500 
(1935); R. Serber, Phys. Rev. 72, 1008 (1947); S. T. Butler, 
Proc. Roy. Soc. (London) A208, 559 (1951). 
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that the boundary conditions in the closed channels 
become more favorable’ with increasing energy. Since, 
according to the preceding paragraph y*/D is the same 
for ® and for R,,, it follows that the average of the 
Yue’ Which occurs in the expansion of R is smaller than 
the similar quantity in the expansion of R,,. However, 
the effect is not very large. It is in the direction to make 
(30) more valid. 

Table I gives the relevant data for all reactions in 
which the width of a resonance line has been measured. 
We intended to include all data published up to the 
fall of 1951. The first column gives the colliding par- 
ticles, i.e., the s of our notation. The position of the 
level above the normal state of the constituents of s is 
given in the second column, the third gives the observed 
partial width I',,. The y,,.” of the fourth column were 
calculated by the first of the Eqs. (18a), using as 
radius a, (the variable in G+ F,2) the radius of the 
residual nucleus augmented by the “radius of the neu- 
tron (or proton),” 1.4 10-" cm. This convention was 
adopted to conform with the calculations of Christy 
and Latter’ and with our own earlier work on the sub- 
ject. As was emphasized above, the sum rules refer to 
the 7? for a position of S which hugs the residual nuc.eus 
so that the “proton radius” should not have been 
added to that of the residual nucleus. In the case of a 
neutron with zero angular mqmentum, G?+F?=1/k, 
is independent of r,, so that for most of the Table the 
choice of a, is irrelevant. This is not so in the case of 
the proton resonances at the beginning of the Table. 
In these cases the y? calculated at the smaller radius 
would be considerably higher than the values given in 
the fourth column. Such a change would further in- 
crease the values in the sixth and seventh columns. 
However, as was mentioned before, the Coulomb po- 
tential is probably not unaffected in so close a neighbor- 
hood of the nucleus and the calculation of the penetra- 
tion factor in the region in which specifically nuclear 
forces are significant is at present impossible. 

The fifth column gives the level spacing. It was 
attempted to take into consideration the isotopic 
constitution of the elements involved and the possible 
spin values of the compound nucleus. The values given 
refer to the average spacing of the levels with a definite 
J of a particular isotope. However, we found it very 
difficult to estimate this quantity from existing data. 
The significance of the sixth and seventh columns has 
been mentioned before. The radiation width is given in 
the eighth column in the cases in which it has been 
measured. 

18 P. M. Morse and H. Feshback, Methods of Theoretical Physics 
(Technology Press, Cambridge, Massachusetts, 1946), Chap. VI. 
(eum F. Christy and R. Latter, Revs. Modern Phys. 20, 185 
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The Angular Distribution and Excitation Function of the Long-Range Protons 
from the Be*(d,p)Be’® Reaction* 
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The angular distribution of the long-range protons from the deuteron bombardment of Be® has been 
investigated over the deuteron energy range from 1.0 to 2.2 Mev using a photographic technique. The 
excitation function has been measured from 0.55 to 2.95 Mev using a proportional counter. On the basis 
of a compound nucleus model, the fact that six terms are required to fit the observed distributions with a 
series of Legendre polynomials indicates the presence of overlapping levels of the compound nucleus in the 
region with both even and odd parities, and that both d and f deuterons enter into the reaction at these 
energies. There is, however, some evidence that the reaction proceeds in part by a stripping process with 
the transfer of a neutron with /=1 to the target nucleus. This stripping becomes relatively more important 
as the deuteron energy is increased. The excitation function shows evidence of broad, overlapping resonances. 














I, INTRODUCTION 


HE angular distribution of the reaction products 

from the deuteron bombardment of beryllium 
has been studied at The Johns Hopkins University 
using the magnetic bombarding chamber developed 
there.! Since these observations extended only up to 
deuteron energies of 880 kev, it was thought worth 
while to undertake the present investigation extending 
the observation of the angular distribution of the long- 
range protons from the reaction over the range from 
1.0 to 2.2 Mev. It is hoped that these angular distribu- 
tions, together with the previous data and an excitation 
curve which was run in the course of the present work, 
will provide a large body of experimental data whereby 
the analysis of the reaction leading to the production 
of the long-range protons may be carried on. 





Fic. 1. Schematic diagram of the basic bombardment chamber. 
* Taken from a dissertation submitted to the faculty of the 
Graduate School of Arts and Sciences of the Catholic University of 
America in partial fulfillment of the requirements for the degree 


of Doctor of Philosophy. 
t Now at Woodstock College, Woodstock, Maryland. 
11. Resnick and S. S. Hanna, Phys. Rev. 82, 463 (1951). 


II. EXPERIMENTAL PROCEDURE 


Through the courtesy of Dr. Tuve and Dr. Heyden- 
berg of the Department of Terrestrial Magnetism of the 
Carnegie Institution of Washington, the large, pressur- 
ized statitron at the DTM was used as a source of high 
energy deuterons. The basic target chamber used was 
that developed by Talbott and the Catholic University 
Group for their precise investigation of the lithium— 
two alpha-reaction.? This chamber is shown in Fig. 1. 
The deuteron beam enters through the slits and strikes 
the target at the center of the chamber. The target 
holder is mounted on a sylphon toggle and can be turned 
from outside the chamber. The removable box or 
camera, shown in position in the left side of the chamber, 
contains three plate holders arranged in a semicircle 
around the target and holding the plates at an angle 
of 45° to the plane of the incident beam. Windows in 
the side of the camera in front of each of the plate 
holders can be covered with various thicknesses of 
absorbing foils to discriminate against unwanted reac- 
tion products. The whole chamber is covered with a 
lucite lid and sealed with a Neoprene gasket. 

When Be’ is bombarded with deuterons, two groups 
of protons are produced, a long-range group with a 
Q-value of 4.58 Mev, and a short-range group with a 
Q-value of 1.20 Mev.’ In addition short-range alphas, 
neutrons, and tritons are produced.‘ The following 
reactions also occur because of contamination of the 
target by deuterons from the beam, carbon from the 
pump oil, and oxygen that appears to be in the crystal 
structure of the beryllium: 


D°(d,p)T’, Q=3.98 Mev; 
C8(d,p)C8, Q=2.76 Mev; 
O%(d,p)O"", Q=1.95 Mev 


Since in the present experiments only the long-range 
protons from Be®(d,p)Be'® were being examined, it was 
2 Talbott, Busala, and Weiffenbach, Phys. Rev. 82, 1 (1951). 

3 W. W. Buechner and E. N. Strait, Phys. Rev. 76, 1547 (1949). 

‘W. F. Hornyak and T. Lauritsen, Revs. Modern Phys. 20, 
191 (1948). 
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necessary to insert absorbers in the various windows of 
such thickness that only the desired protons would 
reach the plates at each angle. The ranges in aluminum 
were computed for each group of protons and graphs 
drawn showing the ranges of the different proton groups 
versus angle for each of the energies studied. From 
these graphs the amount of absorbing foil required at 
each camera window at each energy could be readily 
determined. To check the computed absorber thick- 
nesses, an auxiliary camera was devised as shown in 
Fig. 2. This camera holds a single plate at an angle of 
5° to the plane of the incident deuteron beam giving the 
particles a long range in the emulsion and making 
possible their identification by the range energy rela- 
tionships. This camera may be placed in three positions 
corresponding to the three windows of the large camera. 
An exposure was first made with a thin window in the 
auxiliary camera and the particle spectrum observed 
by plotting a histogram as shown in Fig. 3. A check 
was usually run with the calculated absorber thickness 
in the window of the auxiliary camera to insure the 
fact that only the desired protons were penetrating to 
the plate. 


Fic. 2. Schematic diagram of the auxiliary cameras. The 
camera on the left was used to calibrate the absorbing foils. The 
camera on the right covered the blind spots of the large camera. 


Since the camera used by Talbott’s group did not 
cover the angles between 50° and 80°, another auxiliary 
camera was devised. This is also shown in Fig. 2 and 
holds a single plate at angle of 45° to the plane of the 
incident beam and covers the angles between 65° and 
ti. 

Towards the end of the work it became evident that 
the distribution at very small angles was of special 
importance in determining the coefficients of the series 
fitted to the angular distributions. The forward plate 
holder of the large camera was moved to the forward 
position and by allowing the protons to penetrate the 
tungsten target backing measurements were made at 
angles down to 0°. The combination of cameras used 
enabled the author to take measurements of the relative 
yield at close intervals from 0° to 160° with enough 
common points among the cameras to insure consis- 
tency. 

The targets used were thin films of beryllium evapo- 
rated on 1-mil tungsten foils. The target alignment 
was checked by replacing the target with a 1-mil foil 
painted with a thin coat of zinc-sulfide in shellac. The 
zinc-sulfide fluoresced strongly when hit by the deuteron 
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Fic. 3. Typical histogram obtained using the calibrating camera. 
The various proton groups are indicated. E;= 1.50 Mev. 


beam and the target holder was adjusted until the 
point of impact of the beam on the target remained 
the same on rotation of the target. This assured that 
the beam was hitting the target at the geometrical 
center of the chamber. This alignment was also checked 
by observing the plates for perpendicularity of the 
tracks at angles corresponding to the normals to the 
plates. 

Eastman NTA plates with an emulsion 25 microns 
thick were used to record the proton tracks. Some 
difficulty was experienced with the plates peeling in the 
evacuated chamber during the early test runs; but this 
trouble was overcome by painting the edges of the 
plates with a thin coat of shellac before putting them 
into the chamber. To gauge bombardment time so as to 
secure optimum track density for counting purposes, 
a current integrator utilizing a Los Alamos type circuit 
was used as an exposure meter. 

The plates were scanned using a binocular microscope 
with an adjustable mechanical stage. From the geom- 
etry of the bombardment chamber stage settings corre- 
sponding to the desired angles in the laboratory system 
of coordinates were worked out. Using a Whipple disk 
and a 100X magnification, a square millimeter of the 
plate was defined at each desired angle and the number 
of proton tracks appearing in this area counted. Fre- 
quent repetition of counts showed that the error intro- 
duced by the counting was less than 1 percent. Track 
density was kept fairly low to facilitate accurate 
counting and the statistics improved by taking several 
runs with each camera at each energy. The plates from 
the calibrating camera were scanned with a magnifica- 
tion of 430% and the number of tracks of each length 
observed in a swath 0.1 mm wide down the center of 
the plate were plotted on a histogram as shown in 
Fig. 3. 


Ill. DATA AND ERRORS 


The raw data obtained from an examination of the 
plates was transformed from the laboratory coordinate 
system to the center-of-mass system using the transfor- 
mations derived by Heydenberg and Inglis.’ A geo- 
metrical correction was also necessary since, as one 
moves along the plate away from the normal, both the 


5 N. P. Heydenberg and D. R. Inglis, Phys. Rev. 73, 230 (1948). 
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Fic. 4. The observed angular distributions of the long-range 
protons from the Be*%(d,p)Be™ reaction. The indicated limits of 
error include both the statistical and the systematic errors. 


distance from target to plate and the solid angle 
subtended by a unit area of the plate increase. Both of 
these corrections are included in an additional correction 


factor 1/cos*¢, where ¢ is the angle between the normal 
and the angle at which the count is made. 

The observed angular distributions at the 6 energies 
studied are shown corrected for geometry and trans- 
formed to the center-of-mass system in Fig. 4. The 
indicated error included the following statistical and 
systematic errors: 


(1) Statistical error estimated as equal to the square root of 
the number of tracks counted. 

(2) The error introduced by multiple, small-angle, Coulomb 
scattering at the absorbing foils.* This tends to spread the proton 
beam so that some protons originally headed for one section of 
the plate are scattered into another section. From the number of 
tracks deviating significantly from the prevalent track direction 
at each angle, 2 percent seems a reasonable estimate of the error 
from this source. 

(3) Possible displacement of the target from the geometrical 
center of the chamber is estimated as the source of an error of 
1 percent. 

(4) Another 1 percent is allowed for possible movement of the 
emulsions and for the effect of recoil protons caused by the 
neutron flux present. This last effect is very small as was checked 
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Fic. 5. Typical fit of an experimentally observed distribution 


with a series of Legendre polynomials, showing the effect on the 
fit of the addition of further terms in the series. Eg=2.20 Mev. 


by placing enough absorber in the camera windows to keep out 
all protons from the target and observing plates exposed in this 
way for tracks. 

(5) A final 1 percent was allowed for errors in counting. 


IV. NUMERICAL TREATMENT 


In order to obtain a quantative picture of the com- 
plexity of the observed angular distributions, these 
experimentally determined distributions have been 
expanded in a series in terms of the ordinary Legendre 
polynomials. This series has the form 


Ye Y 90 (cos@) = 1+}. A 1P,(cos6), 
l=0 


where 
+1 


A,=3(2/+1 »f Ye/¥90°(cos@)P:(cos0)d cosé. 
1 


6 Breit, Thaxton. and Eisenbud. Phys. Rev. 55, 1013 (1938). 
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The coefficients have been evaluated by a process of 
numerical integration using Simpson’s rule. An interval 
of cos#=0.1 was taken between the adjacent points to 
which the series was fitted. This required that the value 
of Vo/Yoo° be known at 21 equally spaced points 
between cos#=1 and cos#=—1. These values were 
obtained by drawing a smooth curve through the 
experimental points and extending it by eye to cos@ 
=-—1. Figure 5 shows the increasingly better fit to the 
observed angular distributions obtained by adding 
further terms in the series of polynomials. The series 
terminating with the fourth Legendre polynomial does 
not fit the observed complexity. The series terminating 
with the sixth fits within the experimental error; and 
the series terminating with the seventh gives a close fit 
to the smooth curve. Since a fit better than the experi- 
mental points themselves is not meaningful, it seems 
best to say that a series of at least six Legendre poly- 
nomials is required to fit the observed angular distri- 
butions. Table I shows the coefficients of the series 
fitted to the observed distributions at the energies 
studied. The energy dependence of these coefficients is 
presented in a graph in Fig. 6. 


Taste I. The coefficients of the series of Legendre poly nomials 
fitted to the observed angular distributions at the various energies 
studied. 
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V. EXCITATION FUNCTION 


The excitation function for the long-range protons 
was measured over the energy range from 0.55 to 2.95 
Mev. This measurement was made with a proportional 
counter to permit a more rapid and complete survey 
of the region of interest. The experimental arrangement 
for making this measurement is shown in Fig. 7. 
Deuterons entered the chamber, which was insulated 
from ground and served as a Faraday cage, through 
the slit system shown at the top of the diagram. A 
Be-on-tungsten target was placed in a holder at an 
angle of 45° to the direction of the deuteron beam. An 
auxiliary quartz disk could be substituted for the target 
holder to insure alignment of the beam in the center of 
the chamber. The reaction products emerging through 
a thin window in the side of the bombardment chamber 
were passed through a series of calibrated aluminum 
foils which cut off all but the long-range protons. 
These were allowed to pass through a small window 
into a proportional counter filled with argon at 5-cm 
pressure and mounted at 90° to the direction of the 
incoming deuteron beam. The protons were allowed to 
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Fic. 6. The energy dependence of the coefficients of the series of 
Legendre polynomials fitted to the observed data. 


pass completely through the counter to obtain pulses 
of un‘form strength. The counter pulses were passed 
through a preamplifier, amplifier, and discriminator 
into a scaler. All these circuit elements were of con- 
ventional design. A Los Alamos type current integrator 
was used to monitor the reaction; and considerable 
difficulty was experienced in getting this integrator to 
behave in a satisfactory manner. The trouble was 
apparently caused by secondary emission at the slits 
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Fic. 7. The experimental arrangement for measuring the 
excitation function. Note that the slit system is grounded and 
the rest of the chamber insulated from ground and connected to 
the current integrator. 
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Fic. 8. Observed excitation function for the long-range protons 


from the Be*(d,p)Be” reaction. Observations were made at 90° 
to the incident beam in the laboratory coordinate system. 


and by leakage in the integrator circuit. The latter 
difficulty was overcome by using an air dryer in the 
bombardment room, and the secondary emission obvi- 
ated by modification of the slit system. Observations 
were made at intervals of 50 kev over the range studied. 
In Fig. 8, the number of protons observed for a fixed 
amount of beam current is plotted as a function of the 
deuteron energy. 


VI. DISCUSSION 


While the complete theoretical interpretation of these 
angular distributions is beyond the scope of the present 
paper, there are certain general features of the experi- 
mental results that are worthy of note. Heretofore 
angular distributions in this energy region have been 
interpreted completely in terms of compound nucleus 
formation. If this model is used in the discussion of the 
present work, as the predominance of proton emission 
in the backward direction at lower energies would seem 
to indicate, then the certain appearance of terms as 
high as Ps in the series fitted to the experimental data 
would mean that both d and f deuterons take part in 
the reaction leading to the emission of the long range 
protons. The appearance of both the odd and even 
polynomials would indicate the presence of at least two 
states of the compound nucleus with opposite parity in 
this energy region.’ This is in accord with the complexity 
of the angular distributions observed for the same 
reaction at lower energies.' 


7 See L. Diesendruck, thesis (Johns Hopkins University, 1949). 
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Butler,* however, has been quite successful in ex- 
plaining angular distributions resulting from (d,p) 
reactions in terms of a stripping process whereby the 
neutron is stripped from the deuteron as it passes the 
target nucleus. While Butler’s theory was formulated 
for cases where the incident deuterons had energies 
between 7 and 15 Mev, he feels that the essential 
features of the theory will be preserved even at lower 
energies. The peaks observed at small forward angles 
in the present work are similar to the forward peaks 
predicted by Butler on the basis of the stripping theory. 
Dr. Leo Diesendruck has been kind enough to extrapo- 
late the Butler theory to our energies, and has found 
that the position of the observed forward peaks agrees 
with that predicted by the stripping theory for the 
transfer of a neutron with /=1 to the target nucleus. 
This forward peak is just beginning to appear at 880 
kev, the highest deuteron energy studied by Resnick 
and Hanna,' and becomes relatively more important 
as the energy of the incident deuterons is increased. 
At the same time the emission of protons in the back- 
ward direction becomes less predominant. This would 
seem to indicate that in this range of energies, both the 
stripping process and compound nucleus formation are 
operative; and that the stripping process gradually 
assumes a more dominant role as the deuteron energy 
is increased. It is hoped that it will be possible to 
subtract the effect of the stripping process from the 
total distribution, and to thus arrive at distributions 
that may be more simply explained on the basis of the 
compound nucleus theory. Dr. Diesendruck has under- 
taken this calculation, and results should be forth- 
coming shortly. 

The generally complicated nature of the excitation 
curve is indicative of broad, overlapping resonances in 
the region studied. The small step at 0.7 Mev agrees 
with the phenomenon previously observed at this 
energy,! although the anomaly is within the error of 
the experiment. Since the excitation curve was taken 
at 90° in the lab coordinate system, it should show very 
little contribution from the stripping process and should 
be of use mainly in the interpretation of the residual 
distributions on the basis of the compound nucleus 
model. 

The author is grateful to Dr. F. Leo Talbott for 
advice and direction, to Dr. Leo Diesendruck and Dr. 
S. S. Hanna for helpful discussions, and especially to 
Dr. N. P. Heydenberg and Mr. Charles Little of the 
DTM for invaluable assistance in the operation of the 
statitron. 


8S. T. Butler, Proc. Roy. Soc. (London) A208, 559 (1951). 
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A thin layer of boron on the wall of a cylindrical ionization chamber exposed to slow neutrons has been 


used to study the ionization produced by the recoiling particles of the transmutation B*%( 


n,a) Li’. Polonium 


alpha-particles were used for calibration, and the ionization electron pulses were amplified and photographed 
on an oscilloscope screen. Calculated peak shapes taking into account wall effect and layer thickness were 
fitted to the experimental number pulse-height curves, and from this information the ionization values 


were deduced. The ratio of ionization produced by the He‘ and Li’* 


recoils was observed to be 1.878+0.014 


as compared to the energy ratio 1.7529 determined from conservation of momentum. This difference can 


be accounted for with the assumption that the average energy per ion pair varies with velocity. 


cations of this assumption are discussed. 


The impli- 





INTRODUCTION 


HE average energy expended by an energetic 

charged particle in producing an ion pair has 
been known to be different for different gases. In most 
gases, it also varies with the type and velocity of the 
ionizing particle. However, there has been some evi- 
dence that the average energy per ion pair is a constant 
in argon.'~* Our previous experiments with (#,p) reac- 
tions have seemed to support this view.‘ In extending 
this work to (n,a) reactions we have found definite 
evidence that the average energy per ion pair varies 
with velocity. Similar results have been obtained by 
Hanna‘ and Cranshaw and Harvey.® 


EXPERIMENTAL METHOD 


The cylindrical ionization chamber used in the experi- 
ment is similar in construction to the chamber described 
in the report of our previous experiments with (n,p) 
reactions‘ except that the diameters of the cylinder 
and axial wire were changed to 2? in. and 0.020 in., 
respectively. The length of the region of electron collec- 
tion is 8 in. For calibration a polonium alpha-particle 
source, deposited on platinum foil by the Erbacher 
method,’ was attached to a copper flap so that it could 
be exposed to the collecting region through a small hole 
in the wall of the high voltage cylinder or tilted out of 
position. The amplifier and recording system was the 
same as that described in our previous experiments in 
this laboratory. 

After outgassing the chamber in a vacuum of 5X 10-* 
mm Hg, two atmospheres of argon and one-tenth 
atmosphere of CO2 were admitted. This gas mixture 

t Supported in part by the joint program of the ONR and AEC 
and aided by a grant from the Committee for the Advancement 
of Research of the University of Pennsylvania. 

* Mary Amanda Wood Research Fellow. 

t Princeton University, Princeton, New Jersey 

1 L. H. Gray, Proc. Cambridge = Soc. 40, 72 (1944). 

2 U. Fano, Phys. Rev. 70, 44 (1946 

3 Jesse, Forstat, and Sadauskis, Phys. Rev. 77, 782 (1950). 

‘ Franzen, Halpern, and Ste sphere, Fi rood ae 77, 641 (1950). 


§G.C. Hanna, Phys. Rev. 80, 539 ( 
6 T. E. Cranshaw and J. A. ions Can J. Research 26, 243 


(1948). 
70. Erbacher, Z. physik. Chem. A156, 142 (1931). 


was purified by circulating through calcium hydride® 
maintained at 250°C until saturation was achieved. 

The slow neutrons originated from a 200 mC radium- 
beryllium source surrounded by a cylinder of paraffin 
and placed below the chamber. 

The boron layer was made when BF;, prepared from 
calcium fluoborate® (enriched to 96 percent in the B® 
isotope), was admitted to the chamber and circulated 
through the hot calcium hydride. The formation of a 
boron layer on the electrode wall was made evident by 
the disappearance from the pulse distribution of pulses 
arising from the combined ionization of both the alpha- 
particle and lithium recoil ion due to disintegrations 
occurring in the gas and the appearance of pulses due 
to the separate ionizations of the alpha-particles or the 
lithium recoil when the transmutations occur on the 
wall. Petree, Johnson, and Miller'® also have reported 
the observation of pulses from the disintegration of 
boron atoms deposited on the wall of a counter con- 
taining BF;. 

Complete saturation was not achieved until the BF; 
had disappeared (by continued purification). Since 
only one-twentieth atmosphere BF; had been admitted 
to the chamber, it seemed likely that the boron layer 
might be very thin and useful for a comparison of the 
ionization of the alpha-particle and lithium recoil. If 
uniformly deposited over all the interior surfaces of 
the chamber, this layer was estimated to have a 
thickness of about 20 ug per square centimeter. 

The chamber was disassembled and all parts cleaned 
except the inside surface of the cylinder in the region 
of electron collection. The center wire was replaced 
and the chamber was again assembled, outgassed, and 
filled with two atmospheres of argon and one-tenth 
atmosphere of CO:. After purification of the gas mix- 
ture, the maximum pulse height for polonium alpha- 


® The use of calcium hydride for removal of water Se ig: and O; 


from ionization chamber gases is described by Klema, 
Atomic Energy Commission Declassified Report No. 2157 (1945). 
* Allocated by the Isotopes Division of the AEC. The procedure 
for the preparation and purification 4 BF* is descri by J. A. 
Bistline, Rev. Sci. Instr. 19, 842 (1948 
Petree, Johnson, and Miller, Phys. Rev. 83, 1148 (1951). 
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particles changed less than } percent when the chamber 
voltage was varied from 300 to 1600 volts. This gives 
us confidence that there was substantially no loss of 
charge due to electron capture or recombination in this 
region of voltages. The chamber was operated at 1200 
volts, well below the proportional region. 

A pulse-height distribution was obtained for po- 
lonium alpha-particles and for the alphas and lithium 
recoils from the B!°(n,a)Li? reaction. The amplifier gain 
used for pulses from the B!°(n,a)Li’ reaction was 4.023 
times the gain used for the polonium alpha-particle 
pulses. 

RESULTS 


Figure 1 displays the pulse-height distribution of 350 
polonium alpha-particles. Figures 2(a) and 2(b) show 
the size distribution of 1050 pulses obtained by exposing 
the chamber to slow neutrons. The peaks in order of 
increasing pulse height are ascribed to excited lithium 
recoil, lithium recoil in the ground state, alpha-particle 
associated with excited lithium, and alpha-particle 
associated with lithium in the ground state. 

The shape of the pulse-height distribution curve 
resulting from collection of the ionization electrons for 
particles emitted from a source located on the wall of 
an ionization chamber depends upon chamber geometry, 
particle range, and source thickness. The measurement 
of the relative ionizations of two particles which have 
different ranges or which come from sources of different 
thickness requires the determination of the effect of 
these factors on the distribution curves. The maximum 
pulse height depends only upon chamber geometry and 
the total ionization produced by the particle, except for 
variations produced by ionization straggling and ampli- 
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Fic. 1. Pulse-height distribution from a wall source of polonium 
alpha-particles in a cylindrical ionization chamber. The dotted 
curve shows the calculated distribution. 
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fier noise, and it is the leading edge representing the 
maximum pulse height of the distribution which must 
be accurately located. 

The effect of particle range in a cylindrical chamber is 
twofold. First, the pulse height varies with the angular 
orientation of the path of ionization, and this variation 
increases with the path length. Secondly, the number 
of particles colliding with the curved chamber wall 
varies with particle range, and the number of such 
collisions helps to determine the slope of the leading 
edge of the pulse-height distribution curve. The effect 
of source thickness is to widen the energy distribution 
of the particles. For a group of particles of energy Eo 
emitted isotropically throughout a layer of thickness 
T, the width of the peak in their energy distribution as 
they leave the layer is somewhat larger than T/R 
where R is the range of the particles measured in the 
layer. Fitting a calculated distribution curve to the 
experimental distribution provides an accurate determi- 
nation of the leading edge of the distribution and also 
gives an indication of the approximate thickness of the 
source. 

The pulse height P resulting from the collection of 
ionization electrons which originate along a path ex- 
tending from r; to r2 (where r; and r2 are measured 
radially from the cylinder axis) in a cylindrical chamber 
with inner and outer radii @ and 6, respectively, and 
with capacitance C is given by 


1 rn 
_ f p(r) log(r/a)dr, (1) 
rl 


. log(b/a) 


where p(r) gives the radial variation in initial ionization 
electron density along the path. Since p(r) varies in a 
complicated way with the position of the ion path, the 
calculation of the pulse-height distribution for particles 
with extended ranges cannot be made explicitly. We 
define a distance r’ such that if all the ionization 
electrons of total charge Q contained in an extended 
path were initially formed at this distance from the 
cylinder axis, the resulting pulse height would be the 
same as that produced by the actual extended path of 
ionization. Then, 
) log(r’/a 
me og(r’/a) (2) 
C log(b/a) 


For an ion path in the outer portion of the chamber, 
r’ may be approximated by the distance from the 
cylinder axis to the “center of gravity” of the initial ion 
distribution. In this experiment }/a is large, the source 
is on the outer electrode wall, and the range of the 
particles is considerably less than the chamber radius. 
With these conditions the approximation introduces 
negligible distortion into the distribution, particularly 
in the region of most interest near the leading edge. 

If the center of gravity lies a distance eRy from the 
origin of an ionization path of length Ro, the distance 
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from the center of gravity to the cylinder axis is given by 
r' =[ER,? sin’6 sin’o+ (b— eR cosé)* }}, (3) 


where we have used a spherical polar coordinate system 
in which the origin is located at the particle source on 
the cylindrical wall, the polar axis lies along a radius 
of the cylinder, and the plane #=0 contains the 
cylinder axis. The distribution in space of particles 
emitted from an isotropic source is given by 


dN =(N,/2m) sinddéd@, (4) 


where NV, is the total number of particles emitted into 
the forward hemisphere. By use of Eqs. (2)-(4) the 
distribution may be written in terms of « and ¢, where 
a is the ratio of pulse height P to the maximum pulse 
height of the distribution. Thus, 


Noa? log(b/a) 7 b\*" b\ 20-2 
ana oBlO YT, argl-(*) 
2rbeRo a @ 


ER? 2. 
+ sin’ dadg. (5) 
P 


2 


The differential distribution in relative pulse height 
dN/do over the acceptable range of o may then be 
obtained by numerical integration over ¢. 

The dotted curve in Fig. 1 shows the distribution for 
polonium alpha-particles calculated from Eq. (5) for 
the conditions of this experiment in which }=3.02 cm, 
a=0.0254 cm, Ro=2.0 cm, and e¢ is set equal to 0.6. 
The slope on the leading edge is accounted for by wall 
effect. The background of pulses below the peak also 
results from those particles which collide with the 
chamber wall so that only a portion of their energy is 
lost in the chamber gas. The leading edge of the calcu- 
lated distribution is 1.2 percent (corresponding to 64 
kev) higher than the position of the peak. The 10 
percent width of the peak is completely accounted for 
by the variation in position of ionization. (The root- 
mean-square variation due to noise is just 12 kev.) The 
agreement between calculated and experimental distri- 
butions indicates that source thickness does not con- 
tribute significantly to the width of the peak. Hence 
the alpha-particles are essentially monoenergetic as 
they leave the source and do not show the spread in 
energy sometimes observed with polonium sources 
plated on thin foils." 

A similar calculation shows that the spread in pulse 
heights due to variation in position of the ionization for 
1.47-Mev alpha-particles is 1.6 percent of the maximum 
pulse height. The observed width of the peak for the 
1.47-Mev alpha-particles from the B'°(m,a)Li’™ reaction 
is about 5 percent, indicating that its shape is deter- 
mined mostly by the finite thickness of the boron layer 
and not by the effect of different locations of the 


" Coche, Faraggi, Avignon, and Haissinsky, J. phys. et radium 
10, 312 (1949) ; Phys. Rev. 75, 1963 (1949). 
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Fic. 2. (a) Pulse-height distribution of Li recoils from a thin 
boron layer on the ionization chamber wall from the reaction 
B"(n,a)Li’; (b) pulse-height distribution of alpha-particles from 
a thin boron layer on the ionization chamber wall from the 
reaction B'°(,a) Li’. 


ionization discussed above. Similarly, the observed 
width of the 0.84-Mev Li* peak is about 8 percent while 
the calculated width due to variation in position of 
ionization is less than 1 percent. 

In order to calculate the effect of source thickness on 
the pulse distribution, we must assume an analytic 
relation between energy and residual range of the 
particle. Assuming the residual range to be proportional 
to E", a particle with initial energy Zp at depth x in the 
layer leaves the surface with energy E given by 


E=E,[1—2x/(R cosé) }'", (6) 


where R is the range of the particle measured in the 
layer material and @ is the angle between the path of 
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the particle and the normal to the layer surface. For 
an isotropic source, the distribution in space of the 
particles emitted from an elemental layer of thickness 
dx at depth x is given by 
dN =(N/T) sinédédx, (7) 
where Ng is the number of particles emitted into the 
forward hemisphere by the entire layer of thickness T. 
If we write E’ for E/Ep, the distribution in energy of 
these particles is given by 
dN =(Nonx/TR)E""“\(1—E"")*dE'dx. (8) 
Integration over x gives 


dN/dE'=(NonR/2T)E"" for E£'*>1—T/R, (9) 


dN /dE'=(NonT/2R)E'*“\(1—E’")~? 


for E’'*<1-—T7/R. (10) 


For alpha-particles of energy 1 to 2 Mev, the exponent 
n in the range-energy relation is approximately unity, 
for which Eqs. (9) and (10) become 


for E’>1-—T7/R, 
for E’<1—T/R. 


(11) 
(12) 


dN /dE'=N oR/2T 


dN /dE’=(NoT/2R)(1—E’)? 


The superposition of the spread in pulse height for 
monoenergetic particles due to variation in position of 
ionization as determined by Eq. (5) upon the distribu- 
tion in energy (and hence in total ionization) of particles 
emitted from a layer of finite thickness is complicated. 
However, we note that for particles whose range is 
small compared to the chamber radius the total spread 
in pulse height due to variation in position of ionization 
is small, and the differential distribution of pulses over 
this small interval may be considered constant. With 
this approximation the superposition of the two factors 
contributing to peak width can be readily accomplished 
graphically. 

The dotted curves of Figs. 2(a) and 2(b) show the 
calculated pulse distributions in which variation in 
position of ionization and source thickness have been 
taken into account as described above. The rms varia- 
tion due to noise and ionization straggling is 13 kev, 
and recoil from the gamma-ray contributes an addi- 
tional 15-kev spread for the excited lithium nuclei. 
While these contributions to the shape of the pulse 
distributions are not included in the dotted curves, 
they have been taken into account in locating the 
most probable position of the leading edge of each peak. 
The best fit between experimental and calculated 
distributions occurs for an assumed equivalent layer 
thickness of 55 kev for alpha-particles and 64 kev for 
lithium recoils. Taking 0.8 as the stopping power of 
boron for alpha-particles, this corresponds to a layer 
of 30 g/cm’. 

The ionizations relative to polonium alpha-particles, 
deduced from the position of the leading edge of the 
pulse distributions as determined by fitting experi- 
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mental and calculated curves, are: Jg=0.3286+0.0032; 
Tyi=0.1756+0.0024; [,*=0.2726+0.0018; [1i*=0.1451 
+0.0012. The ratios of alpha ionization to lithium 
recoil ionization are J,/J1;=1.872+0.028; J.*/Ixi* 
= 1.878+0.014. 

The ratio of ground-state transitions to excited state 
transitions is 0.063+-0.009. This is in good agreement 
with the ratio 0.067 found by Bé¢ggild” from about 400 
cloud-chamber tracks and with the value 0.062+0.001 
found by Hanna,® but is appreciably higher than the 
value 0.0427+0.0015 obtained by Cuer and Lonchamp® 
from the observation of more than thirty thousand 
tracks in nuclear plates. 


DISCUSSION 


The energy ratio E./E,; can be precisely calculated 
from the atomic masses by the conservation of momen- 
tum and is 1.7529. This is considerably different from 
the observed ionization ratio 1.878+0.014. Conse- 
quently, it is necessary to assume that the average 
energy per ion pair depends upon velocity or charge of 
the ionizing particle. The ionization ratio observed in 
this experiment is in good agreement with the ratio 
1.89+0.02 reported by Stebler, Huber, and Bichsel" 
and the ratio 1.841+0.025 calculated from measure- 
ments reported by Hanna.° On the other hand, Jesse® 
measured the total ionization produced in argon by 
the B!(n,a)Li™ reaction and obtained the correct 
reaction energy within 0.4 percent probable error by 
assuming a constant energy per ion pair for both the 
Li’ nuclei and the alpha-particles. 

The reaction energy for B!°(,a)Li’ is known to be 
2.79340.003 Mev'® from the precisely measured Q 
values for B!°(p,a)Be? and Li’(p,2)Be’. When the 
lithium nucleus is left in the excited state, the energy 
released is less than the value just quoted by 479+1 
kev, this being the energy of the gamma-ray emitted 
when the excited nucleus makes the transition to the 
ground state.'® Thus, the energy of each of the particles 
is known, and from our ionization measurements the 
average energy per ion pair relative to a polonium 
alpha-particle (5.2984 Mev) may be calculated. 

Table I shows the energy of each particle and its 
ionization and average energy per ion pair relative to 
polonium alpha-particles. Also shown are Hanna’s 
measurements of the average energy per ion pair for 
the 1.473-Mev alpha-particle and the 0.841-Mev Li ion 
relative to Pu? 5.159-Mev alpha-particles. Hanna also 
measured the combined ionizations of the alpha-particle 
and Li ion both for the ground state and the excited 
state of Li and found that his measurements were 


2 J. K. Boggild, Kgl. Danske Videnskab. Selskab, Mat.-fys. 
Medd. 23, No. 4 (1945). 

13 P. Cuer and J. P. Lonchamp, Compt. rend. 232, 1824 (1951). 

4 Stebler, Huber, and Bichsel, Helv. Phys. Acta 22, 362 (1949). 

15 Chao, Lauritsen, and Tollestrup, Phys. Rev. 76, 586 (1949) ; 
Li, Whaling, Fowler, and Lauritsen, Phys. Rev. 83, 512 (1951). 

16 Brown, Snyder, Fowler, and Lauritsen, Phys. Rev. 82, 159 
(1951). 
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TABLE I. Relative ionization and average energy per ion pair of the a-particles and Li’ ions from the reaction B"(n,a) Li’. 
4 By pe p } 





Ionization 
relative to Po-a 
(this exp.) 


Energy, Mev 
calculated from 


Particle independent data* 


Av. energy per ion pair 
relative to Pu™-a@ 
Hanna's exp.” by C —H formula 


Av. energy per ion pair 
relative to Po-a 


This exp. by C —H formula 





0.3286+0.0032 
0.2726+0.0018 
0.1756+0.0024 
0.1451+0.0012 


1.778+0.002 
1.473+0.002 
1.015+0.002 
0.841+0.002 


1.021 
1.026 
1.059 
1.067 


1.021 
1.026 
1,059 
1.068 


1.021+0.010 
1.020+0.007 
1.091+0.015 
1.094+0.009 


1.027+0.009 
1.080+0.011 








® See references 15 and 16, 
> See reference 5. 


consistent with the empirical formula for alpha-particles 
in argon proposed by Cranshaw and Harvey,® 


W=27.5+1.9E-4, 


where W is the average energy in electron volts per 
ion pair and £ is the initial alpha-particle energy in 
Mev. For Li ions the value of W is taken to be the 
same as for alpha-particles with the same initial 
velocity. For comparison with the measured values 
Table I includes the average energy per ion pair for 
each particle relative to Po”® and Pu*® alpha-particles 
as calculated by the Cranshaw-Harvey formula. 

While the alpha-particle ionizations are consistent 
with the values of W calculated from the Cranshaw- 
Harvey formula, the Li ionizations measured in this 
experiment indicate a slightly greater variation in W 
with particle velocity than is given by this formula 
when applied to Li ions. 

In addition to Jesse, Stebler and Franz and West- 
meyer’? have made determinations of the B'°(n,a)Li’ 
reaction energy using total ion collection in argon and 
assuming a direct proportionality between energy and 
ionization. The energy values deduced by Stebler are 
about 3 percent low (4-5 percent in O2 and N2) while 
those of Franz and Westmeyer are about 2 percent 
high but with a stated probable error of 4 percent. 
Stebler used U™® alpha-particles (4.180 Mev) for cali- 
bration; Franz and Westmeyer used slowed-down 
alpha-particles (~3 Mev) from polonium. 

Facchini, Gatti, and Germagnoli,'* using electron 
collection in argon, measured the separate ionizations 
of the 2.05-Mev alpha-particles and 2.73-Mev tritons 
from Li(n,a)H* reaction relative to the ionizations 
produced by U™* and U™8 alpha-particles. Their results 
are consistent with the assumption of constant energy 
per ion pair for the three alphas and the triton within 
1 percent probable error. By the Cranshaw-Harvey 
formula the average energy per ion pair for a 2.05-Mev 
alpha-particle relative to a U** alpha-particle is 1.014. 

Our previous results‘ on the ionization measurements 


17H. Franz and H. Westmeyer, Z. Physik 128, 617 (1950). 
18 Facchini, Gatti, and Germagnoli, Phys. Rev. 81, 475 (1951). 


of He*(n,p)H® and N"(n,p)C™ seemed to indicate the 
same value of W for the protons, tritons, and C“ nuclei 
as for the polonium alpha-particles used for calibration. 
However, a detailed analysis of the pulse-height distri- 
bution curve for the polonium alpha-particles emitted 
from a wall source in terms of wall effect (similar to the 
analysis carried out here) was not carried out in that 
case. Indications are that such an analysis would de- 
crease slightly the value deduced for the ionization 
produced by the disintegration products of the (#,p) 
reactions relative to the ionization produced by po- 
lonium alpha-particles. Such a Gecrease would indicate 
a variation in W with particle type or velocity as 
found in the present experiment. However, we are 
unable to make a reliable estimate of the size of this 
correction because the exact position of the alpha- 
particle source in the wall of the outer cylinder is not 
known. 

Fano’s? considerations of the ionization process make 
reasonable the approximate constancy of W with 
particle type and velocity. However, it should not be 
surprising that small variations in W should exist in 
view of the loss of energy by nuclear collisions which 
constitutes a changing fraction of energy loss with 
velocity, particularly at low velocities.'® In this respect 
the experiment performed here is in reasonable agree- 
ment with Hanna’s results. The disagreement with 
other experiments**!”? previously referred to may be 
caused by factors whose influence on the relationship 
between energy and ionization is only imperfectly 
understood. Among these factors is the possible presence 
of small quantities of molecular gases which are mixed 
with the argon used in the chamber. (The work of 
Colli and Facchini*® suggests that the usual purification 
procedure for argon” does not remove traces of nitrogen, 
for example.) The presence of these gases, while it is 
not responsible for any loss of ionization charge, may 
affect the division of particle energy between excitation 
and ionization. 


J. K. Knipp and R. C. Ling, Phys. Rev. 82, 30 (1951). 
*® L. Colli and U. Facchini, Rev. Sci. Instr. 23, 39 (1952). 
FE. D. Klema and J. S. Allen, Phys. Rev. 77, 661 (1950). 
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The angular distributions of photoprotons from Cu, Ni, and Co targets irradiated with bremsstrahlung 
of 23-Mev maximum energy have been measured. Protons from Cu and Co show a large asymmetric compo- 


nent which is described by the expression (sin@+-0.5 sin@ cos@)?. 


Absorption experiments on the protons 


are consistent with the assignment of the asymmetric component to transitions involving discrete levels in 
the vicinity of the ground state of the residual nucleus. The angular distributions observed are interpreted 
as resulting from interference between electric dipole and quadrupole absorption of the initial photons 
with the relative quadrupole intensity equal to 5 percent. 





I. INTRODUCTION 


ECENT measurements! of the angular distri- 

butions of protons from targets irradiated with 
bremsstrahlung of maximum energy in the vicinity of 
25 Mev have indicated that (1) from certain targets 
(Cu, Rh, and Ag) roughly 10 percent of the protons 
are emitted preferentially at 90 degrees and (2) the 
protons comprising the nonisotropic component of the 
distributions are those of highest energy. From other 
targets (Mg and Al) the photoproton angular distribu- 
tions were observed to be spherically symmetric. The 
details of such angular distributions might be expected 
to provide information concerning the mechanism of 
the nuclear photoeffect. Indeed, the experimental results 
mentioned above have been interpreted® in part as 
confirming the existence of direct photodisintegration 
processes in middle weight nuclei in the energy region 
about 25 Mev. 

However, all of the previous measurements utilized 
photographic emulsions for the detection of the emitted 
protons, which has limited the statistical precision of 
these measurements. In order to improve the precision 
we have used scintillation counter techniques to measure 
the angular distributions of protons from y, p reactions 
in Co, Ni, and Cu. The remainder of this paper will be 
devoted to a description of these measurements and to 
a discussion of the conclusions to be drawn from them. 
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Fic. 1, The general arrangement of apparatus showing shielding, 
collimator, and scattering chamber. 
* Supported in part by the Air Research and Development 
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II. EXPERIMENTAL PROCEDURE 


The apparatus employed in the present experiment 
has been described in detail previously. Briefly, a 
strongly collimated bremsstrahlung beam of maximum 
energy 23 Mev strikes a target placed at a given angle 
(60 degrees) with respect to the detectors, as shown in 
Fig. 1. The detectors which consist of ZnS scintillators 
subtend an angle of 10 degrees at the target. The target 
and detectors rotate as a unit about the incident beam 
direction, the relative orientation of target and de- 
tectors remaining fixed throughout the experiment. 
This procedure eliminates the effect of differential 
proton absorption in the target but requires that data 
obtained at various angles be normalized to the same 
effective target thickness presented to the incident 
beam. To satisfy the latter requirement with the degree 
of precision necessary in the present experiment the 
target is initially aligned at a known angle with the 
x-ray beam by optical and photographic means, which 
are also used to assure that the center of the x-ray 
beam passes through the axis of rotation of the rotating 
unit. A calibrated scale attached to the rotating target- 
detector assembly then measures the absolute angle 
between the target and incident beam at any detector 
position. The absolute orientation of the target and 
detectors is not measured with the same accuracy as 
that of target and beam. Consequently, in the data to 
be presented the absolute values of the proton angles, 
ie., detector positions, may be in error by as much as 
+3 degrees, although the relative angles are known to 
approximately +0.5 degree. 

In addition to misalignment there are two other 
geometric factors which might influence the detector 
solid angle as the detector position varies. The first of 
these factors arises from the fact that as the angle 
between the target and incident beam is varied, the 
source of photoprotons changes shape. When the target 
surface is perpendicular to the incident beam direction, 
the proton source is a circle of diameter 7 mm; when 
the target is in the most oblique position (the angle 
between target surface and x-ray beam 30 degrees), the 
proton source is an ellipse of eccentricity two. This 


® A. K. Mann and J. Halpern, Phys. Rev. 82, 733 (1951). 
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effect produces only second-order changes in the solid 
angle, which within the accuracy of our experiment 
can be neglected. Similarly, the second factor, the 
transformation from center of mass to laboratory angle 
and solid angle, is negligible for these nuclei at these 
energies. 

Measurements were made simultaneously with two 
identical detectors fixed at 180 degrees with respect to 
each other and with each detector covering the region 
from 30 to 330 degrees. The absolute counting rate 
was, within the statistical errors, the same for each 
detector at a given angular position. In all instances the 
measured angular distributions were symmetric about 
the incident beam direction. In treating the data we 
have combined the results from the two detectors and 
for the same positions on opposite sides of the incident 
beam. Data could not be taken in the intervals from 
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Fic. 2. The angular distribution of photoparticles from cobalt 
including both photoprotons and photodeuterons. The curve 
drawn through the experimental points has the form (sin@ 
+0.5 sin@ cos@)?*. 


150 to 210 and from 330 to 30 degrees because in these 
regions the beam would strike the detector assembly. 

The targets were foils of natural isotopic composition 
and of the following thicknesses in mg/cm’: Co, 113; 
Ni, 104; Cu, 92. 


RESULTS 


The angular distributions from each of the targets 
are shown in Figs. 2-4. Each of the points shown in the 
figures represent a total of at least 2500 counts. The 
errors indicated are approximately twice the statistical 
errors and correspond to the internal consistency of the 
measurements. The numerical values of the ordinates 
in the figures are the observed counting rates in counts 
per 100 roentgen at the target position. The background 
counting rate was found to be independent of angle and 
was about 10 percent of the counting rate measured 
with the cobalt target. 
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Fic. 3. The angular distribution of photoparticles from nickel 
including both photoprotons and phetodeuterons. 


The differential cross section curves for Co and Cu 
consist of symmetric and forwardly peaked asymmetric 
components. For Co and Cu the asymmetric compo- 
nents are identical in shape, and both can be fitted by 
a single curve of the form (sin@+-0.5 sin@ cos@)*, which 
is drawn through the experimental points in Figs. 2 
and 4. Because the total photoproton yield from Ni is 
about three times greater than that from Co and Cu, 
it would require considerably improved precision to 
detect an asymmetric component of the same magnitude 
as that found for Co and Cu. 

For a detailed interpretation of the results it is 
desirable to determine the variation of these angular 
distributions with energy of the emitted particles. With 
the ZnS detector it is only possible to separate the 
distributions in terms of particle energy by the use of 
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Fic. 4. The angular distribution of photoparticles from copper 
including both photoprotons and photodeuterons. The experi 
mental points are fitted with the expression (sin@+-0.5 sin@ cos@)?. 


TAR UGE ay tn an Os shan 











MANN, 





























a 
9 














Differentiol Cross section in Relative Units 
































i) 
° 0 90 12 180 
Angle in Degrees 


Fic. 5. The angular distribution of photoparticles from copper 
with different thicknesses of aluminum absorber between target 
and detector. The distribution in (a) contains both protons and 
deuterons. The distributions (b), (c), and (d) contain only protons. 
All of the distributions have been fitted with the expression 
(siné+-0.5 sin@ cosé)*, 


differential absorption techniques. Figure 5 shows the 
measured angular distributions in copper with several 
different thicknesses of aluminum absorbers placed 
between target and detector. In the geometry used the 
effect of absorber scattering could not modify the 
angular distributions. The absorber thicknesses shown 
in Fig. 5 include the aluminum equivalent of the air in 
the scattering chamber, which was 11 mg/cm?. The 
asymmetric component of each of the distributions is 
described by the expression (sin@+0.5 sin@ cos6)*, which 
is plotted through the experimental points in Fig. 5. 
The particles detected with an absorber thickness of 
11 mg/cm* [Fig. 5(a)] could be either protons of 
minimum energy 2 Mev, determined by the absorber 
thickness, and maximum energy 16 Mev, determined 
by the reaction threshold or deuterons with energies 
between 2.8 and 8 Mev. The absorber thickness used 
in obtaining the data in Fig. 5(b) corresponds to the 
range of a 4-Mev proton and a 5.6-Mev deuteron. The 
distribution shown in Fig. 5(b) is that for protons only 
because the number of deuterons with energies between 
5.6 and 8 Mev has been observed! to be about 5 percent 
of the total deuteron yield. Within the experimental 
errors the shapes and magnitudes of the asymmetric 
components of the distributions in Figs. 5(a) and 5(b) 
are identical. The symmetric component has been re- 
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duced by 55 percent. From the measured proton energy 
distribution® the increased absorber thickness could 
only remove 10 percent of the protons. We therefore 
attribute approximately 45 percent of the total yield 
in Fig. 5(a) to deuterons which are spherically sym- 
metric in their angular distribution. This large photo- 
deuteron yield is in agreement with previous measure- 
ments’ and of better accuracy. The parameters of the 
curves in Figs. 5(b), (c), and (d) are tabulated in 
Table I. 

In order to interpret the results in Table I it is 
necessary first to consider the energy distribution of 
protons emitted by nuclei absorbing monoenergetic 
x-rays. Most of the emitted protons are the products 
of transitions which involve relatively highly excited 
states of the residual nucleus with level widths greater 
than the level separations. On the basis of the sta- 
tistical theory the angular distribution of these protons 
is expected to be spherically symmetric although other 
distributions are possible.’ The protons arising from 
transitions to the ground state (or very close) of the 
residual nucleus are those in the high energy “tail’’ of 
the energy distribution, and their angular distribution 
can be influenced by both the initial x-ray absorption 
process and by the properties of the initial and final 
states of the transition. If it is assumed that only those 
protons of highest energy can be emitted asymmetri- 
cally, then measurements of the proton angular distri- 
bution with various thicknesses of absorber between 
the proton source and detector should show a large 
symmetric component which decreases rapidly and 
steadily with increasing absorber thickness and possibly 
a smaller asymmetric component which is independent 
of absorber thickness until a certain critical value is 
attained. 

The proton energy distribution from nuclei irradiated 
with bremsstrahlung is a superposition of the energy 
distributions resulting from the absorption of mono- 
energetic photons. The total number of protons in each 
of the latter distributions is determined by the product 
of the cross section for the reaction and the brems- 
strahlung intensity at each photon energy. Previous 
measurements® of the energy dependence of the cross 
section of y,p reactions show a maximum in the 
vicinity of 20 Mev with a half-width of about 6 Mev. 
The resultant energy distribution should therefore 


TABLE I. Significant parameters of curves in Fig. 5. 
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* This column gives the minimum energy of the protons which can 
reach the detectors. The minimum energy corresponds to the range of a 
proton equal to the absorber thickness, 


7 L. Wolfenstein, Phys. Rev. 82, 680 (1951). 
8 J. Halpern and A. K. Mann, Phys. Rev. 83, 370 (1951). 
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contain protons arising from transitions to the ground 
state of the residual nucleus but with energies differing 
by at least 6 Mev, because the photons producing these 
transitions are absorbed with energies differing by a 
similar amount. Indeed, the decrease of the cross 
section with decreasing energy below 20 Mev is in part 
compensated by the increasing bremsstrahlung intensity 
so that the energy spread of these protons is greater 
than 6 Mev. Measurements of the bremsstrahlung 
induced proton angular distributions with various 
absorber thicknesses should then show a large sym- 
metric component whose dependence on absorber thick- 
ness is the same as that described for the symmetric 
component of the angular distributions produced by 
monoenergetic x-rays and possibly an asymmetric 
component which also decreases with increasing ab- 
sorber thickness but in a different manner than the 
symmetric component. 

A semiquantitative treatment of the data of Table I 
in the light of the above discussion is shown in Fig. 6. 
The solid curve represents the energy distribution of 
the protons from a copper target irradiated with 
bremsstrahlung of maximum energy 23 Mev as pre- 
dicted by the statistical theory. To show the consistency 
of the absorption data of Table I for the symmetric 
component we have constructed from these data a 
crude energy distribution represented by the points in 
Fig. 6. The energy distribution of the asymmetric 
component as obtained from our data is shown by the 
dashed curve. It should be emphasized that this curve 
is only a rough approximation and that the absorption 
data should be taken only as consistent with but not 
proving that protons in the high energy “tail” of the 
energy distribution constitute the asymmetric com- 
ponent of the observed angular distributions. 
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Fic. 6. The energy distributions of the symmetric and asym- 
metric proton groups from copper. The solid curve is calculated 
from the statistical theory. The points are obtained from the 
data for the symmetric component in Table I. The dashed curve 
indicates the approximate shape of the energy distribution for 
the asymmetric component as given by the data in Table I. 


CONCLUSIONS 


Our interpretation of the measurements described 
here is that the protons produced in transitions to low 
lying levels of the residual nucleus possess an angular 
distribution given by (sin#+0.5 sin@ cos@)*, which 
represents interference between p and d waves of the 
emitted protons. If the energy and angular momentum 
of the incident photons are not randomly redistributed 
in the nucleus after absorption, then the interference 
effect observed in the proton angular distribution can 
be related to interference between electric dipole and 
electric quadrupole absorption of the incident photons. 
The observed ratio of d to p wave intensities corre- 
sponds to a relative quadrupole absorption intensity of 
5 percent in cobalt and copper in the energy region 
about 20 Mev. 


Se et ae eee 


2 REBELS A ROCTMARIRENEIY As maT Ae 











PHYSICAL REVIEW VOLUME 


Letters to the Editor 








UBLICATION of brief reports of important discoveries in 

physics may be secured by addressing them to this department. 
The closing date for this department is five weeks prior to the date of 
issue. No proof will be sent to the authors. The Board of Editors does 
not hold itself responsible for the opinions expressed by the corre- 
spondents. Communications should not exceed 600 words in length 
and should be submitted in duplicate. 


Mass Corrections to Hyperfine Structure 
E. E, SALPETER AND W. A. NEwcomMB 


Newman Laboratory of Nuclear Studies, Cornell University, 
Ithaca, New York 


(Received May 19, 1952) 


{. Hydrogen.—An accurate value for the fine structure con- 
stant @ is obtained from precision measurements of the hyperfine 
structure splitting (hfs) of the ground state of hydrogen. Using 
the radiative corrections! of relative order a and a* and the simple 
reduced mass factor (1—3m/Mp) to the elementary Fermi 
formula for the hfs of hydrogen (for an infinitely heavy nucleus), 
one finds? 

1/a= (137,03654-0.0006) (1+ 4) (1+ 46), (1) 
where F and 6 are further correction terms. 

Nuclear motion contributes mass corrections to hfs of relative 
order a(m/Mp), in addition to the factor (1—3m/Mp), where m 
and M> are electron and proton mass, respectively. In a previous 
note’ it was pointed out that a simple approximation for these 
corrections can be obtained from orthodox quantum electro- 
dynamics and perturbation theory, but the result reported there 
was incorrect. Two types of correction terms arise, (1) one in- 
volving the exchange of a single transverse photon between the 
electron and proton, (2) the other the exchange of two transverse 
photons. The complete results are as follows. 

(1) For photon momenta & large compared with the Bohr mo- 
mentum, the Fourier components of large momentum for the 
Coulomb potential of the hydrogen atom can also be treated as a 
perturbation. A contribution to hfs is then obtained by third- 
order perturbation theory (using Dirac hole theory for both elec- 
tron and proton), involving the emission of the photon by the 
one particle, absorption by the other, and one Coulomb scattering 
(to conserve momentum approximately). For km no corrections 
of order a(m/Mp) are obtained. For m«&k«KMp we expand in 
powers of (k/M>p) and consider the proton to have both its Dirac 
magnetic moment and an anomalous moment of the Pauli type. 
The Dirac and Pauli moments are treated separately and both 
positive and negative energy intermediate states for the electron 
and proton contribute. 

(2) The exchange of two photons, neglected completely in the 
Fermi formula for hfs, also contributes terms of order a(m/Mp) 
(hfs), which can be calculated by means of fourth-order perturba- 
tion theory. 

Integrating the approximations obtained (strictly valid only for 
m<k&Mp) over k with m and Mp as lower and upper limits, 
respectively, we get an addition to the hfs of F (hfs), where 


F=— {4upt+(1/4)[1—2up—3up?)} (am/aupM p) In(Mp/m) 
=—-14x10"5, (2 


and yp is the total magnetic moment of the proton in nuclear 
magnetons. In Eq. (2) the first term in the curly brackets is a 
single photon term, while the remaining ones are double photon 
terms. 

The approximations leading to Eq. (2) involve the neglect of 
terms of order unity compared with log(Mp/m). For a nucleus 
consisting of a point particle of Fermi-Dirac type with no anoma- 
lous magnetic moment, the corrections to order a(m/Mp) (hfs) can 
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be calculated exactly.* But the structure effects of the proton 
magnetic moment (which cannot be calculated reliably at present) 
will also alter the hfs by an additional fraction 6, which might be 


more than +2 10-5. Using Eq. (2) we then get 
1/a= (137.0355+0.0010) (1+ 46). (3) 


B. Deuterium.—The mass correction to hfs, equivalent to Eq. 
(2), is markedly different for deuterium because of the relatively 
loose structure of the deuteron. The perturbation treatment used 
for hydrogen has to be modified by introducing sums over all 
states of the neutron-proton system for the intermediate states. 
If nuclear exchange forces and the percentage of D state are neg- 
lected, simple expressions are obtained in the limiting cases of 
kcKEp and kc>Ep, where Ep is the deuteron binding energy. 
Instead of Eq. (2) we then obtain 


F={(2+8yup—4up— (3/4) (2up?+ 2uy?— wn*) ] In(W/me?) 
—[3+7up— (3/2)(up?+un*)] In(Mp/m)}(am/yuoMp), (4) 


where uy and yp are the neutron and proton moment, respectively 
(in nuclear magnetons), and W is an average excitation energy of 
the order of magnitude of Ep. Putting (arbitrarily) W=£p, 
Eq. (4) reduces to® 

F=—(143)X 10-6. (4a) 


Part of the corrections, Eq. (4), have already been included in 
Low’s’ calculations of the structure corrections to the hfs of 
deuterium (the term called ey). Using Eq. (4a) we get for the dis- 
crepancy between the calculated and experimental values for 
(vp/va) (the ratio of deuterium to hydrogen hfs), instead of 
Eq. (6) of reference 3, the value 


(+0.6+0.4) x 10~. (5) 


The large uncertainty in this result could be reduced greatly by 
explicitly calculating W and the effect of nuclear exchange forces. 
At the moment the discrepancy, Eq. (5), is not known with suffi- 
cient accuracy to furnish any conclusive evidence for a large 
spread of the magnetic moment of a nucleon or a large error in the 


percentage D state assumed in reference 7. 
1N. M. Kroll and F. 84, 594 (1951); Karplus, Klein 
and Se igs oot Phys. Rev. 84, 597 (1951). 
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error in Mi q. (1) includes an estimate for the error due to radiative correc- 
tions of order a and higher, which have not been calculated yet. 
3F. E. Low and E. E. Salpeter, Phys. Rev. 83, 478 (1951). 
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* The numerical value for F is small, due to 7 ees fortuitous cancellations. 
. E. Low, Phys. Rev. 77, 361 (1950). 
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Internal Conversion of y-Rays with Pair Production 


S. A. S. BRIMBERG 
Royal Institute of Technology, Stockholm, Sweden 
(Received May 12, 1952) 


HIS problem has been given an “exact”’ treatment by Jaeger 

and Hulme! using the Dirac equation. The y-radiation was 
considered as a perturbation in the Coulomb field round the nu- 
cleus, arising from an electrical dipole or quadrupole. 

Oppenheimer and Nedelsky? have applied the Born approxima- 
tion to both cases, assuming Z=0. The Born approximation has 
also been used by Rose,’ who extended the calculation to an arbi- 
trary radiating 2!-pole (electric as well as magnetic) and suggested 
the region of validity to be Z—40. Numerical results were given 
for /=1—5, with y-energies in the region 2.5-20 Mev. 

Finally, Rose and Uhlenbeck* have used the semi-relativistic 
Schrédinger approximation of the Dirac wave functions in order 
to solve the problem. Besides giving the cross section for energies 
exceeding 2mc? by only a small amount, they also made a com- 
parison between the results of the two approximation methods 
mentioned here and those of the “exact” theory. 
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This problem has become of interest in connection with some 
measurements by Slitis and Siegbahn‘ on internal pair-formation 
for determining y-ray multipole orders in the neighborhood of the 
threshold. Jaeger and Hulme! only made numerical calculations 
for Z=0 and 84 with y-energies 3, 5, and 7 mc*, and consequently 
their extrapolation to 2 mc in a diagram must be regarded as a 
little uncertain. Further, the dependence on Z is not easily seen. 
Therefore, a new numerical calculation has now been carried out 
with the “exact” theory of Jaeger and Hulme as a basis, where the 
y-ray energy 1.31 Mev=2.57 mc and Z=28 has been used— 
corresponding to the nuclear reaction 


21Co™ —>23Ni* —>ogNi™, 
- Y 


(More recent measurements indicate an energy 1.34 Mev=2.63 
mc*, but this figure was not known to me when the calculations 
started.) Jaeger and Hulme presented their results only in a dia- 
gram, from which it has not been possible to obtain the actual 
numbers which they had computed. The figures for Z=0 and 84 
at y-ray energies 2.57, 3, 4, and 5 mc* have been taken from their 
diagram, but all these figures are, of course, somewhat uncertain 
on account of the breadth of the curves and the extrapolation to 
lower energies. In Table I these figures are presented together with 


TABLE I. The internal pair formation coefficient X10*. « is the y-ray 
energy in mc? units. Z is the atomic number of the radiating nucleus. Calcu 
lation by Jaeger pod Hulme (see reference 1) and the present author. 


Dipole case Quadrupole case 


‘ 
> o37-. 3 4 5 ey &-33F- sd 4 5 
0 140 2.98 6.70 10.0 0 0 038 1 00 3.08 5.62 
O O91 +--+ vr eee 28 0 0.27 see tee 
0 0.75 1.84 5.30 8.60 84 O 0.22 0.76 2.52 4.42 


the results of the new calculations. 

The new calculations show that the dependence on Z of the 
internal pair formation coefficient is not even roughly linear. 
Within about 10 percent one can, however, get an estimate of the 
value of the coefficient at different Z in the energy region 2-5 me 
by means of the following interpolation formulas. They are rather 
easy to handle and might be of some use for experimenters. 


2xaZ ( —)| Y nae - °@ 


lymew|[- 5, 1+16( 
dx 

Ga @+1—xe)! 
la=exp| - 2raZ a | © sta: 
{2(e—2)}} 1+4(e—2)>* i 3reé 
X [8e(a*— 1) 4(xe— 2) +3(@— 2x) In{x+ (x*—1)4}] 

x ee 

(}e+1—xe)? 


X [2e(x®— 1)#+ (24+2—2xe) In{x+ (x*—1)4}] 


where a= fine structure constant= 1/137; Z=atomic number of 
the y-radiating nucleus; e=~y-ray energy in me* units; and 
x=[E(e—E)+1]/e, where E=total electron energy in mc* units. 
The definite integrals which appear in these expressions are the 
results of Oppenheimer and Nedelsky for Z=0 mentioned above. 
In Table II the values of the internal pair formation coefficient 
are computed according to the above formulas in order to make a 


TABLE II. The internal pair formation coefficient X10, according to the 
interpolation formulas. «=the y-ray in mc* units. Z =atomic number of the 
radiating nucleus. 
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comparison with the corresponding results of Jaeger and Hulme’s 
theory presented in Table I. 

Financial support from the Swedish Atomic Energy Committee 
is gratefully acknowledged. Further the author wishes to thank 
Professor Lamek Hulthén and Professor Kai Siegbahn for many 
valuable discussions. 

1 J.C. Jaeger and H. R. Hulme, Proc. Roy. Soc. (London) 148, 708 (1935). 

ok. iy mG and J. R. Nedelsky, Phys. Rev. 44, 948 (1933). 

aM. Phys. Rev. 76, 678 (1949). 


‘M.E. pea and G. E. Uhlenbeck, Phys. Rev. 48, 211 (1935). 
*H. Slatis and K. Siegbahn, Ark. Fys. 4, No. 32, 485 (1952). 


Electroluminescence of Single Crystals of ZnS: Cuf 
Wiiiiam W. Piper AND Ferp E. WILLIAMS 
General Electric Research Laboratory, Schenectady, New York 
(Received May 9, 1952) 


INGLE crystals of ZnS:Cu have been prepared! and found to 
luminesce upon application of ac or de voltages. Ac electro- 
luminescence of powdered sulfide phosphors is well known.? De 
electroluminescence in SiC,’ Ge, and Si‘ has been studied and 
attributed to the optical recombination of electrons and holes in 
an N—P junction. The mechanism of electroluminescence of 
single crystals of ZnS:Cu is quite different. 

With a dc potential applied to a single crystal clamped between 
metal electrodes, the light output increases exponentially with 
applied voltage reversible to breakdown. The luminescent in- 
tensity is proportional to the current. Different electrode materials 
alter the brightness-voltage characteristic and permit the identi- 
fication of the region near the cathode as the origin of the electro- 
luminescence. Pronounced photoconductivity occurs when the 
cathode side of the crystal is irradiated with ultraviolet. 

With an ac potential applied to the single crystal, the light 
output was determined as a function of the voltage cycle by 
synchronizing on an oscilloscope the photomultiplier output with 
the voltage. For low applied voltages two pulses of light per cycle 
appear out of phase with the voltage (Fig. 1). The pulse width in 
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1G. 1. Voltage and light output versus time. 


electrical degrees does not change appreciably from 60 to 6000 cps. 
The average light output varies linearly with frequency. Each 
pulse is characteristic of a particular electrode and originates 
when that electrode is becoming negative during the cycle. 

At higher critical voltage, pulses in phase with the applied 
voltage appear and increase rapidly in intensity with voltage 
(Fig. 1). Electrodes of high work function such as Pt exhibit a 
higher threshold voltage for the in-phase component than elec- 
trodes of low work function such as Al. With different metals 
used for the two electrodes, the in-phase pulse typical of a particu- 
lar electrode material appears when that electrode is negative. 
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These observations can be correlated on the basis of the ZnS: Cu 
crystal being an N-type semiconductor with donor levels dis- 
tributed over an energy range and with an exhaustion barrier at 
each electrode. When a voltage is applied, the cathode barrier 
will widen as donor levels are emptied until most of the voltage 
appears across the cathode barrier. An ac applied potential V 
depletes and replenishes the two barrier layers alternately. Above 
a critical potential V; quantum-mechanical tunneling through the 
cathode barrier occurs. Below V; conduction electrons originate 
only within the crystal. With a local field larger than the field E; 
necessary to ionize deep-lying donor levels and for E;> Eq, the 
critical field for acceleration of conduction electrons, electrons can 
be extracted from these deep-lying levels and accelerated to kinetic 
energies great enough to impact excite activator ions. With V <V; 
only light out of phase with the voltage will appear; with V>V; 
electrons will tunnel with the electrodes producing additional 
light in phase with the voltage. 

For example, assuming a semiconductor with a work function 
less than the metal electrode work function and with a homoge- 
neous concentration of predominantly shallow donors, a Mott- 
Schottky barrier appears at each electrode. The local field £ is 
linear with the distance from the barrier boundary reaching a 
maximum at the crystal surface. A two-volt barrier requires a 
field of 10? v/cm for appreciable penetration.® For a donor concen- 
tration of 3X 10"7 cm“, a dielectric constant of 10, and an applied 
potential of 10° volts, the required field for tunneling exists at the 
cathode surface. The barrier thickness is then 2 10~* cm. Deep- 
lying donor levels 0.5 ev below the conduction band can be field 
excited with 10° v/cm, a field which exists at the surface when 
10 volts is applied to the crystal and which is sufficient to accel- 
erate conduction electrons. 

Further experimental and theoretical work are in progress to 
test and refine the proposed mechanism, 

t Presented in part March 22, 1952, at the Columbus Physical Society 
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Piper, J. Chem. Phys. (to be published). 
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Accardo, Jamgochian, Phys. Rev. 83, 603 (1951). 
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The Effect of Atomic Binding on Nuclear 
Reaction Energies 
R. SERBER 
Columbia University, New York, New York 
AND 
H. S. SNYDER 
Brookhaven National Laboratory, U pton, New York 
(Received May 21, 1952) 


HE energetics of nuclear reactions are commonly computed 
using atomic masses. In a reaction in which the nuclear 
charge changes, the difference in electronic binding energies of the 
final and initial atoms is thus properly taken into account (aside 
from the small energy difference between the final atom, which is 
charged, and the corresponding neutral atoms). There does, 
however, seem to exist some confusion' as to the mecha- 
nism of the transfer of electronic binding energy to the incoming 
or outgoing nuclear particles, despite the fact that this mechanism 
is of the simplest kind; the effect on a charged particle of the elec- 
trostatic field produced by the cloud of electrons. 

Let us ask how the energy of an atom changes if the nuclear 
charge is changed from Z to Z+dZ. The reason there is a change 
is that the nucleus is in a region of negative electrostatic potential 
produced by the electrons; if we call the electrostatic potential 
produced by the electrons at the position of the nucleus ¢(Z), the 
energy change is just edZ¢(Z), and the energy of the atom E(Z) 
satisfies the equation 


dE(Z)/dZ=ey(Z). (1) 
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Equation (1) is used in the Fermi-Thomas model of the atom to 
obtain E(Z) from the calculated value of ¢(Z); conversely, 
(1) may be used to obtain ¢(Z) from an empirical determination 
of E(Z). The Fermi-Thomas relation, with a constant adjusted to 
give agreement with the known energies of light atoms, is E(Z) 
= —15.73Z7/3 ev, which gives 

eg(Z) = —36.70Z4'3 ev. 
According to Foldy,? a better representation for heavy atoms is 
E(Z) = —RZ"/5 (R= 13.6 ev), which gives 


e¢(Z) = —32.64Z7'* ev. 


(2a) 


(2b) 


If we consider, as an example, a case of B-decay, the 8-particle 
at the nucleus is also in the potential g(Z), and gains from this a 
kinetic energy —e¢g(Z) in passing through the atom. This gain is, 
of course, just the negative of the change in atomic energy dis- 
cussed above, and one sees quite clearly the mechanism by which 
the energy conservation law is satisfied. 

The energy gain —eg(Z) does not represent a lower limit to 
the energy of the emerging 8-particle. It must be remembered that 
the emerging 8-particle feels the Coulomb field of the nucleus as 
well as the field due to the electrons, and its total potential energy 
as it passes through the atom is always negative. Thus there is no 
energetic reason why it should not come out with zero energy. 
The effect of the field due to the electrons on the shape of the 
8-spectra is properly represented by using a screened Coulomb 
potential, rather than the potential of a bare nucleus, in calculating 
the Coulomb wave functions for the 8-particle.* 

The foregoing remarks are not quite accurate, in that the 
change in nuclear charge was considered infinitesimal, rather than 
a multiple of e, and any effect of a redistribution of the electron 
cloud between initial and final atom was thus ignored. If, in any 
nuclear reaction, the charged particles entering or leaving the 
nucleus have velocities high compared to the electronic orbital 
velocities, the electron cloud will not have time to readjust, and 
the particles feel just the electronic potential of the initial atom. 
The net energy transfer to incoming and emerging nuclear par- 
ticles, due to their interaction with the atomic electrons, is then 
just —e(Z’—Z)¢(Z), where Z’ is the atomic number of the final 
nucleus. On the other hand, if the process were adiabatic, the 
energy transfer to the nuclear particles would be —[E(Z’) — E(Z) ]. 
The latter difference can be evaluated by integration of (1) with 
respect to Z; it represents the energy change if the nuclear charge 
is altered by infinitesimal steps, allowing the electron cloud to 
readjust after each step. The difference 

AE=—[E(Z’)—E(Z)]+e(2’—Z) ¢(Z) (3) 


would therefore be lost to the emerging nuclear particles in a com- 
pletely nonadiabatic transition; this energy appears as excitation 
energy of the final atom. In any particular event the final atom is 
left in a definite stationary state, and the energy loss to the 
nuclear products is the energy difference between this state and the 
ground state. There will be a probability distribution for ending in 
any given final state, and AE represents the average energy loss, 
averaged over this probability distribution. In a partially adiabatic 
transition, the mean excitation energy of the final atom will of 
course be less than AE. 
If E(Z')—E(Z) is expanded in a Taylor series in Z’—Z, we 
obtain 
AE=—}4(Z'—Z)*@E(Z) /dZ*= —}e(Z'—Z)*dg(Z)/dZ. (4) 
Using (2a) or (2b) we find 
AE=24.47Z"/3(Z' —Z)? ev, 
AE=22.85Z7/5(Z' — Z)* ev. 


(4a) 
(4b) 


For Z=90, |Z’—Z| =1, (4b) gives AE= 138 ev, whereas —e¢(90) 
= 17.8 kev. 

Another simple estimate of AE can be made by using hydrogenic 
wave functions for each of the electrons. An electron in a state of 
principal quantum number n, which feels an effective nuclear 
charge Z.#e, contributes to E(Z) an amount —Ze?R/n*, to 
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E(Z’) an amount —(Z.4+Z’—Z)*R/n?, and (using the virial 
theorem) to eg(Z) an amount —2Z,;R/n*. The total contribution 
to AE is just (Z’—Z)*R/n*. Thus each closed shell of principal 
quantum number m adds 2R(Z’—Z)*=27.2(Z'—Z)? ev to AE. For 
|Z’—Z|=1, Z=10, this gives AE=54 ev, while (4a) and (4b) 
give 53 ev and 57 ev. For Z=90 the simple recipe gives AE= 125 
ev, and (4a) and (4b) give 110 ev and 138 ev. 

A formal treatment of the arguments given above is quite 
simple. Let P,, be the probability that the electronic system of the 
final atom will be left in a state of energy Ez-,. If n=0 denotes the 
ground state, the mean excitation energy of the atom will be 


AE=2,,P,(Ez'n— Ez‘). 
For a completely nonadiabatic transition from initial to final atom, 
Pr= (¥2'n, ¥z0) |’, 
where the ¥z-, are the wave functions of the states of the final 


atom, Wzo is the wave function of the ground state of the initial 
atom, and 


(Wz'n, ¥z0) = [van *vaudr. 


If the Schrédinger equation for the initial atom is 
Ezwz0= Hz z0, 


that for the final atom is 


4 —2Z)¢ 
Ez nz’ =[ae-3 p> ee De Nye ny 


and we can write 


AE=2 (020, zn) (W2'n, ¥z0) (Ezn— Ez? ,- 
” A Z'— . == 
=2,(¥z0, v20)(vem [a-3 > ¢ 2) Ex|vz0), 


The closure theorem can be used to eee the sum over a, and 
we obtain 


‘ ds -Z)e 
ASE=— (vas, 2 2 26 10) — (Exe Exs) 


1 

=(Z’—Z)ee(Z)—(Ez0—Ezo), (5) 
in agreement with (4). The quantity AE is, by its definition, posi 
tive. Thus if Ez-»— Ezo is expanded in a Taylor series in powers of 
Z'—Z, the term linear in Z’—Z in (5) must vanish. This can be 

regarded as a proof of (1). 
1 See, for example, G. Ambrosino and H. Piatier, Compt. rend. 232, 400 
(1951). The problem as it affects 8-decay has been discussed by Herman M. 


Schwartz [| Phys. Rev. 86, 195 (1952)] with whose final conclusion we 
concur. 

*L. L. Foldy, Phys. Rev. 83, 397 (1951). 

3 If one neglects the excitation energy of the excited states of the residual 
ion, then one can use the completeness relations for the final states of the 
residual ion and show that the shape of the 8-spectrum is not affected, 
apart from the usual effects of the screened Coulomb field. 


Heat Conduction by the Unsaturated 
Helium II Film 


Eart LonG anp LotHaR MEYER 
Institute for the Study of Metals, University of Chicago, Chicago, Illinois 
(Received May 21, 1952) 


OLLOWING the recently reported experiments on mass flow 
in absorbed He II films,' preliminary measurements have 
been made on the transport of heat by such films. 

The method used is similar in principle to that of Bowers, 
Brewer, and Mendelssohn.? A copper-nickel tube 10 cm long, of 
0.45-cm i.d. and 0.013-cm wall thickness, had copper chambers 
attached to top and bottom; the top chamber was provided with a 
heater; the bottom was in direct contact with the surrounding 
helium bath. The tube and top chamber were insulated by high 
vacuum (<10~? mm Hg). Carbon thermometers were located at 
the center and at both ends of the tube, so that temperature gra- 
dients along the tube could be determined. The thermometers 
were sensitive to 0,0002°. 
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The heat conductance of the system (without film contribution) 
was 15 wwatts/degree, so that quite small heat currents could be 
measured. 

The preliminary measurements show: 

1. Saturated films (P/P o=1, where P is the pressure inside the 
system and P» is the vapor pressure of the bath) show critical 
heat input rates beyond which the AT between top and bottom 
of the tube rises beyond the experimental range. These critical 
heat inputs are proportional] to the transfer rates of the saturated 
He II film (Mendelssohn and White), as has already been re- 
ported by Bowers ef al. However, below the critical heating rate 
there is always a finite AT established for all except quite low heat 
inputs. The AT for a given heat input depends on the amount of 
excess liquid in the system, but the critical heating rate does not. 

2. Unsaturated films (P/Po<1). For a film of given thickness, 
determined by P/Po, the film contribution to the heat transport 
is zero (<0.1 ywwatt) at all temperatures above a sharply defined 
temperature Ty. At this temperature, the film contribution appears 
abruptly, rising to relatively large values at lower temperatures, 
depending on the film thickness and the temperature. The tem- 
perature 7, is identical with the “onset” temperature for film flow 
reported by Long and Meyer (reference 1, method I). In Fig. 1 
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Fic. 1. Ty as function of saturation P/Po. (Ty is the temperature above 
which at a certain saturation, the film does not show superfluidity.) 


is shown a curve of these temperatures 7; plotted against the 
saturation P/Po, as derived from the flow measurements of 
reference 1. The points shown are from the heat transport experi- 
ments. For all temperatures above 7;, no film flow and no high 
heat transport occur; at all temperatures below 7,, film flow occurs 
and contributes to the heat transport. No attempt was made to 
accurately re-determine the curve by the heat transport technique, 
since the flow method previously used is experimentally simpler 
and more precise. 

There is also in the unsaturated films a finite AT established in 
the heat transport experiments. The heat flow is not a linear 
function of AT, but appears to follow roughly (47))!, as in the 
bulk liquid case. The temperature distribution along the tube is 
such that the AT between center and bottom is finite, but much 
smaller than that between center and top. This suggests that in 
the heat transport cycle (which presumably involves film flow 
from cold to warm parts, evaporation, return flow of vapor 
through the wide tube, then condensation at the cold end) the 
vaporization process may be the rate-determining step. If, how- 
ever, the finite AT measured in the lower half of the tube is indeed 
real, then perhaps the film transport cannot be regarded as a true 
superfluid process. 

The heat transport by the film is being investigated in more 
detail. 


1 E. Long and L. Meyer, Phys. Rev. 85, 1030 (19: 
2 Bowers, Brewer, and Mendelssohn, Phil. Mag. an us (1951). 
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An Anomalous Type of He’ Flow* 


E. F. HAMMEL AND ADAM F. ScHuUCH 


Los Alamos Scientific Laboratory, University of California, 
Los Alamos, New Mexico 


(Received April 10, 1952) 


N investigation of the film flow of a 3.9 percent solution of 
He’ in He‘ has disclosed an anomalous type of He’ flow. 
The apparatus used (Fig. 1) was similar to that employed by 


4—oil manometers 
| 


| 
J 


Fic. 1. Cell for helium 
film studies. 





> Pyrex glass 


Brown and Mendelssohn.! At zero times, the mixture was con- 
densed in chamber 1 with chambers 2 and 3 evacuated. Differences 
in pressure between chambers 1 and 2, and between chambers 1 
and 3 were then observed on the oil manometers as functions of 
time. With pure He* condensed in chamber 1 at 1.96°K, these 
pressure differences change as shown in Fig. 2(a). Film flow into 
chamber 3 does not begin until the relative pressure p/p° of the 
film in chamber 2 is almost unity (AP;2~0, point B) in general 
agreement with the results of Long and Meyer.? Daunt and 
Mendelssohn’ showed that the flow rate was proportional to the 
minimum perimeter of the film and independent of the length of 
path. Consequently, the rate from chamber 1 into 2 should be the 
same as that from 1 into 2 into 3. Since the volume associated 
with each chamber is identical, this property leads to parallel 
slopes of the lines OB and AC. 

At 1.92°K the behavior with a 3.9 percent He’ solution is shown 
in Fig. 2(b). We believe (1) OB represents the flow of practically 
pure Het from chamber 1 into 2. This flow continues until the 
relative partial pressure of He‘ in chamber 2, p,?/p,‘,4 reaches 
unity, whereupon, as in the case of pure Het, the film in chamber 2 
becomes mobile, and flow into chamber 3 commences. However, 
the slopes OB and AC are no longer equal. (2) At point B; al- 
though the slope of the AP vs time curve changes abruptly, the 
pressure continues to decrease linearly to zero, indicating a con- 
stant flow rate of He’ from chamber 1 into chamber 2 independent 
of driving pressure. This He* flow began at zero time but was 
masked by the much larger flow rate of He*. Thus the total pres- 
sure in chamber 2 is greater than p,“ at point B by the amount of 
He’ which has flowed into chamber 2 since zero time. The par 
tial pressures are from an unpublished report of H. S. Sommers. 
(3) Gas flow of He’ from chamber 2 to chamber 3 is responsible for 
the slight decrease in AP; between points C and E. (4) When the 
relative pressure of He’ in chamber 2, i.e., p3/s", reaches unity 
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(point D), the aforementioned anomalous flow of He’ into chamber 
3 occurs again as evidenced by the discontinuity E£, and the linear 
decrease EF. 

The results at 1.57°K are represented in Fig. 2(c). At this tem- 
perature the slopes BD and EF as well as OB and AC are almost 
equal. 

Information can be obtained from our data on the variation of 
the flow rates of the two components with temperature, Table I, 
by comparing the slopes of the AP 2s time curves. We confirm the 
results of Eselson and Lazarev® that He’ reduces the Het flow rate. 
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TABLE I. Flow rates of He? and Het components in a 3.9 percent He? solution 
relative to rate of pure Het at 1.96°K. 





Temp. 
“a Het 





0.11 
0.44 
0.50 
0.84 
0.91 +0.1 
0.93 +0.3 





Above 2.2°K, the gas flow of pure He‘, pure He’, and the 3.9 
percent mixture through these leaks (gap width approximately 
1X 10-5 cm) has been investigated for various mean pressures and 
pressure drops. We have ascertained (a) that this type of flow is 
clearly dependent upon the driving pressure and (b) that gas flow 
accounts for less than 8 percent of the observed He’ transport in 
the experiments described above. 

He’ in dilute solution below the A-point thus exhibits the follow- 
ing transfer properties through fine capillaries: (a) constant ve- 
locity of transfer independent of driving pressure, (b) inde- 
pendence of length of path, and (c) incapability of flowing into 
an evacuated space at an appreciable rate until its relative partial 
pressure is aimost unity. In contrast to pure Het, the He’ flow 
rate shows little tendency to diminish as the \-temperature of the 
solution® is reached. Further studies are under way to ascertain 
whether these phenomena are consequences of the presence of 
superfluid atoms of He*’ or are intrinsic properties of He’. 

* Work done under the auspices of the AEC. 

! J. B. Brown and K. Mendelssohn, Nature 160, 670 (1947). 

2 E. Long and L. Meyer, Proc. Internat!. Conf. Low Temp. Phys., Oxford 
(1951), p. 72. 

J. G. Daunt and K. Mendelssohn, Proc. Roy. Soc. (London) A170, 423 
(1939). 

4 Superscript indicates chamber; subscript indicates isotope. 

$B. N. Eselson and B. G. Lazarev, Doklady Acad. Nauk, SSSR 72, 265 
(1950). 

* Abraham, Weinstock, and Osborne, Phys. Rev. 76, 864 (1949). 

7 When the transfer of Het from chamber 1 into 2 into 3 stops, and the 
partial pressures of He* become equal in all three chambers, e.g., point C, 
Fig. 2(b), there is no discontinuity of the flow rate of He? from 1 into 2 (BD). 
Hence the He? flow seems to be independent of whether or not Het is flowing 
through the same channel. 


Nucleon-Lepton Interaction in $-Decay 
R. Natar 
Laboratoire de Chimie Nucléatre, Collége de France, Paris, France 
AND 
R. Boucnez 


Institut du Radium, Laboratoire Curie, Université de Paris, 
aris, France 
(Received May 8, 1952) 


CCORDING to theory, the interaction of 8-decay is a linear 
combination of five possible forms S, V, 7, A, and P. 
However, experimental results show that, on one hand, 7 or A 
should be taken in the combination and that, on the other hand, 
combinations of S and V, or T and A, are in first approximation! 
excluded by the shape of the allowed 8-spectra. Until now the 
study of the shapes of forbidden spectra has not permitted the 
complete specification of the interaction. For example, the shape 
of Cl** could be explained in terms of the two quantities Bo and 
Ba of T only, as well as with a combination (7, V) or (7, S), 
or (A, V)2 
The analysis of the nuclear matrix element for allowed transi- 
tions with light nuclei permits some indications regarding the 
interaction.*~* Since the interaction is of the type, Hg=C.H; 
+CyHy;, where H, is either T or A, and H; either S or V, the nuclear 
matrix element is M, where | M |*= |C,|?| My|?+|C;|?| M,|*. This 
study gives |Cy|*~0.20 and |C,|?™0.80. 


Ms™My= [ervdi=m;; Mr™M,4= f Uy*(0/N3) edb Mi, 
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Taste I. Summary of data for mirror nuclei. For the first two transitions listed the 
initial and final states have the configuration P12. For the remaining four transitions 
they have the configuration Days. 





Hg@2#H; 
(Fermi) Hg=C:Hit+CrHy 


tion 
rf 


To 
2 [M,|? jal? [M,l\* 





Nv Cu 4900+ 300 545430 1 49004300 0.29 1370480 
Ou Nw 35004300 390+30 1 3500+400 0.29 1010480 
4000+ 400 800+80 1 4000+400 0.36 14404150 
680+80 1 3400+400 0.36 12204150 
650 1 3240 0.36 1150 
620 1 3100 0.36 1110 





The §-disintegration interaction would therefore be (7, V), the 
only one consistent with the symmetry principle of de Groot and 
Tolhoek, or (7, S), or (A, V). 

The principle of this analysis, similar to that used by Wigner,® 
is to compare, for the different allowed 8-transitions, the quanti- 
ties T)/|M|*=/t. Practically, we take for odd A nuclei the one- 
particle shell model,® where the orbital momentum L is nearly a 
good quantum number. Then we set |M|?=|a|*|M,|*, with 

M,| =SG;*Gir'dr, where G;, G; are the radial wave functions 
of the initial and final nuclei, |a|* depends on the angular wave 
functions, and in the interaction: |a|*= | C,!*|a,|2+ |Cy|*| ay|*. 

lay|2=1 for AJ=0, and |ay|?=0 for AJ=1. |a;|? is given by 
relations similar to those obtained in atom spectroscopy by 
Hénl-Kronig. The only condition to satisfy is then |M,| <1 
We have given in Table I a summary of information furnished by 
mirror nuclei, mainly of the type J = L—}, for which the magnetic 
moment values are in best agreement with the Schmidt line; so 
these nuclei can fairly be taken with only one LS configuration: 
Pi for C®, N"5; Dye for Cl*, , Ca**, These transitions lead to 
values | M,| >1 with a pure H, interaction. Thus, taking T>™1100 
as reference, from the decay of the neutron, tritium, and He, 
we must take |C,|*20.20 (strictly 20.21 for T>=1100) to have 
|M,| <1. 

Nuclei of type J=L+4 lead to smaller values of |M,]|, 
|M,| <1, even with H; only (these seem generally composed of 
several LS configurations so that the apparent | M,| value is here 
lowered). 

The value |C;|?0.20 (about +10 percent); |C,|*¥0.80 was 
also obtained* by comparison with superallowed transitions of 
even A nuclei; our hypothesis of Russel-Saunders coupling and 
definite supermultiplet is rather good, because for any other case 
(e.g., extreme j—j coupling), the value of the matrix element 
|a|? is too small and gives | M,| >1. 

It would also be possible to use a pure H;, interaction if we ad- 
mitted different values of J for initial and final mirror nuclei, but 
it would then be necessary to change slightly the order of the 
shells. On the other hand, the fact that the difference of masses 
corresponds to the difference of the Coulomb energies is such 
nuclei strongly suggests the identity of their structure and the 
equality of the J values. 

The same argument lead to J =0 for N'* (2, 3 Mev), so that the 
allowed O'*—N"* transition would be a 0-0 transition, which 
could not be explained by H; alone. 

After we had completed this work, we received a note from 
O. Kofoed-Hansen and Aage Winther (Institute for Theoretical 
Physics, Copenhagen) on the same subject, “8-Decay of Mirror 
Nuclei and the Shell Model.” We are very grateful for this 
communication. Their results give in our notation |C;|*=0.25 
+0.04, in good agreement with our values. 

1M. z, Z. Physik 104, 533 (1937); S. R. de Groot and H. A. Tolhoek, 
Physica I 16, “486 (1950). 

‘Ce , Phys. Rev. 82, 957 (1951); H. W. Fulbright and J. C. D. 
Milton, Pe Rev. 82, 274 (1951). 

S. A. Moszkowski, A Rev. 82, 118 (1951). 

4R. Bouchez and R. Nataf, Compt. rend. 234, 86 (1952); J. phys. et 
radium (to be published). 

5‘ E. P. Wigner, Phys. Rev. 56, 519 (1939). 

© The results are not essentially related to this model; one finds the same 
values for |as|* and |as{* if the initial and final nuclei correspond to the 


bs ner supermultiplet (4, 4, +4), whatever may be the number of nucleons. 
Cofoed-Hansen and A. Winther, Phys. Rev. 86, 428 (1952). 
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Differential Cross Section for Bremsstrahlung 
and Pair Production 


L. C, Maximon* anp H. A, BETHE 
Laboratory of Nuclear Studies, Cornell U niversity, 
Ithaca, New York 
(Received May 14, 1952) 


W E have calculated the cross section for bremsstrahlung and 
pair production in the limit of high relativistic energies 
without the use of the Born approximation. The initial and final 
states of the electron are described by the wave function of Furry,' 
and Sommerfeld and Maue,? which is also identical with the first 
two terms of that of Bess.** The exact expansion in spherical har- 
monics of Mott and Massey® goes over into our wave function by 
neglecting a?=(Ze®/hc)*? compared with P, where / is the angular 
momentum, 
. A major part of our calculation consists in the demonstration 
that this wave function is accurate enough for the calculation of 
the differential cross section. This was found to be true for energies 
€>mc and scattering angles @ of the order of mc*/e, which are the 
only ones contributing significantly to the total cross section. The 
final electron energy must also be large. 

The integration of the matrix element was performed by a 
method due to Nordsieck.* We denote the initial electron energy 
by e:, the final one by es, their momenta by p; and po, the quantum 
energy by k, the rest energy of the electron by yw, the angles be 
tween the quantum momentum k and the two electron momenta 
by @; and 62, the azimuth between them by ¢, the momentum 





change by q=pi—p2—k, and the quantity Ze*/hc by a. We 
further introduce the abbreviation 
yap —— FP Pe i Pa th) 
: 4h(€; — pr COSO;) (€2— pz COSO2) 
2 
rf ; 
~ ¢ (1) 


tO) POPE’ 
the last expression being valid for large « and for @ of order y/e 
or less. X varies from 0 to 1. We use the hypergeometric functions 

V(X) =F (ia, —ia; 1, X), 
W(X) =a-"dV /dX = F(1+ia, 1—ia; 2, X), @) 


which are clearly real. 
Then the differential cross section for bremsstrahlung is 


{f wma \2 A (fh\? (2 podk. : 
ie 1 f e( -) we? 5 r sin®; sind :d0d 
sinhra) 2 " ik 


da=* 





{' 2(X | pi? sin?0,(4e.2—g?) _ ps? sin?6.(4e?—g*) 
q* (€,— Pp; cos0,)? 
(4e,e2— 9? + 2k*)2 pips sin sin#s cos 
(e1— Pi COSO;) (€2— P2 COSA2) 


(p,? sin?@,+ ps? sin?@.) | 


(€2— pz COSO2)? 


p2 
mad pi COSO;) (€2— p2 cosé2) 

a*[ k®— (pi — p2)* PW2(X) 
(44?)?(€; — py cos0;)*(€2- pe cos.) 


pi? sin?6, (4.2 —¢*) 1 p? sin?O2(4e,? q’) 
(e;— pi cos@,)? (€2— p2 cos62)* 

(4eje2— G+ 2k*)2 pip, sin; sinB, cosd 

(€,— Pi COSA;) (€2— pz COSA) 

(p? sin?0,+ pe? sin*@2) 


€:— Pi COSO;) (€2— fP2 COS@2) 
4k? | 
+—~(e1€2+ pip: cos; cos2)} 7. (3) 
we f 


The first square bracket here is identical with the corresponding 
expression in the theory of Bethe and Heitler which is based on the 
Born approximation. It is multiplied by (wa/sinhra)*V2(X). It 
can be shown that for X=1, which corresponds to small g, this 
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factor is unity; for larger q it is less. The second square bracket, 
which is multiplied by W?(X), is new; the slight difference in 
structure between the two terms is real. For small g, the term with 
W? is negligible. Therefore, in this limit, in which screening may 
be important, there is no correction to the Born approximation 
formula. 

For pair production, we must substitute pi pode,/k* for podk/ pik, 
and change the sign of €2 and 2 everywhere. Then ¢ is the positron 
energy and @2 the angle between positron and quantum. In con- 
trast to the customary Bethe-Heitler theory, 62 should not be 
changed into r—@2; this substitution is replaced by the change of 
sign of po. 

A more complete account of this calculation will be published 
later. 

* Now at the Graduate Division of Applied Mathematics, Brown Uni- 
versity, Providence, Rhode Island. 

1W. H. Furry, Phys. Rev. 46, 391 (1934). 

2A. Sommerfeld and A. W. Maue, Ann. Physik 22, 629 (1935). 

3L. Bess, Phys. Rev. 77, 550 (1950), Eq. (4). 

4 The last term in Bess’s wave function is wrong, as are therefore all the 
further calculations in his paper. We are indebted to Professor A. T. 
Nordsieck for pointing out this fact to us 

5N. F. Mott and H. S. W. Massey, The Theory of Atomic Collisions 
(Clarendon Press, Oxford, 1949), second edition, Chap. IV, Eq. 

® See reference 3, and private communication for which we are indebted 
to Professor Nordsieck. 





Integral Cross Section for Bremsstrahlung 
and Pair Production 


HANDEL Davies AND H. A. BETHE 
Nuclear Studies, Cornell University, Ithaca, New York 
Received May 14, 1952) 


Laboratory of 


E have integrated the differential cross section of the pre- 
ceding paper over angles. Since the differential cross sec- 
tion contains complicated (hypergeometric) functions of a certain 
variable X, Eq. (1) of the preceding paper, the integration over 
this variable must be left to the end. This can be done by a 
method similar to that used earlier by one of the authors.! 
The independent variables used over most of the region of 
integration are 


(1) 


and X. Analytic integration over — and 7 proves possible. For 
@>>u/e, the contribution to the total cross section is negligible 
and is left out. For very small g, i.e., X near 1, the differential 
cross section reduces to the Born approximation and therefore the 
integration can be done as in reference 1, including the case of 


f= 0/(e°02+), n= u/(e*O2+2), 


screening. 
After integration over & and », the total cross section reduces 
to the surprisingly simple form (in the case of no screening) 


2 é (hc\? a? dk 4 eres 
== —(— - (3¢°+3e2—2 42 ———1 
. 3 (-) €;? i re ea) t log pk 


si a\? 
(=) a[2 { V(X)W(X) log(1—X)dX 
ra 70 


1 
+f xwxyax] }, (2) 


The first two terms in the curly bracket are the result of Bethe 
and Heitler; the last is the correction to the Born approximation. 
Both of the integrals over Y converge at both limits. For pair 
production, the sign of the term 2e;e2 in the first set of parentheses 
must be changed, and dk/e,? must be replaced by de,/k*. 
For small a (small nuclear charge), the integrals over X can be 
carried out analytically and the curly bracket in (2) becomes 
{ } =2 log(2eies pk) —1—2.4140?, (3) 
where 2.414 stands for 2(1+27°+3-%+---). The correction is 
therefore proportional to a2~Z? as would be expected, and as 
was anticipated and verified in the many experimental papers on 
the absorption of gamma-rays by pair production.?¥ In the case 
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of screening, partial or complete, the correction should be the same 
as in (3), because for small g the differential cross section is un- 
changed. Therefore we may simply use the Bethe-Heitler formula, 
subtracting from the logarithm the amount 1.207a?. 

The correction amounts to a decrease of the cross section, in 
accord with experiment. The decrease occurs in bremsstrahlung 
(which has not been well investigated experimentally) to the same 
extent as in pair production. The main factor in the energy dis 
tribution of the resulting electrons is unchanged; only a constant 
is added to the logarithmic term. That the correction to the Born 
approximation is small (experimentally about 10 percent for Pb) 
arises from the fact that the correction must be compared with the 
logarithm [first term in (3)] which is of the order of 5. 

We have also calculated the integrals in (2) numerically for the 
case of lead for which a=0.6. In this case, the last term in (3) is 
placed by 0.67 whereas 2.4a?=0.87. Thus the correction for heavy 
elements is somewhat less than the Z? law would indicate 

Integration over the energy «: gives for the total cross section for 
pair production for lead 


28 =( 109 ) 
=— — ————0.335}, 4 
o 9 137 log2k 7D) 0.335 (4) 


in which the last term is the correction calculated in this paper. 
In the case of complete screening we get (for smaller Z) 


28 Z 2 D4 2 
par me [loeissz i—1.207/ :) |. (5) 
3 137 


§ 137 


At 88 Mev, the calculated reduction of cross section for Pb is 
11.8 percent, the observed 11 percent; at 280 Mev, the numbers 
are 10.0 and‘ 10 percent. The agreement is excellent. Around 20 Mev 
where several experiments are available, our approximations based 
on ¢>w are probably no longer good enough; our theory would 
give a reduction of 20 percent for Pb, whereas Walker’s experi 
mental value? is only 15.5 percent. This is not surprising; at still 
lower energies Hulme ef al.* found a theoretical cross section larger 
than the Born approximation. 

A fuller account of the calculations will be given later. 

1H. A. Bethe, Proc. Cambridge Phil. Soc. 30, 524 (1934 

2? R. L. Walker, Phys. Rev. 76, 527 (1949); G. D. Adams, Phys. Rev. 74, 
1707 (1948). 

3 J. L. Lawson, Phys. Rev. 75, 433 (1949). 

4 DeWire, Ashkin, and Beach, Phys. Rev. 83, 505 (1951) 

5 J. C. Hulme and H. R. Jaeger, Proc. Roy. Soc. (London) A153, 443 
(1935) 


Production of 40-Mev =*+ and =~ Mesons in Seven 
Elements by 240-Mev Protons* 


Donato L. CLARK 
Physics Department, University of Rochester, Rochester, New York 
(Received May 8, 1952) 


MEASUREMENT has been made of the relative differen- 

tial cross section for production of 40-Mev * mesons in the 
angular range 130° to 150° by 240-Mev protons in Be, C, Al, Cu, 
Ag, W, and Pb. A similar measurement has been made for 40-Mev 
m~ mesons in the angular range 30° to 50°. 

The targets in which the mesons were produced were exposed 
to the internal circulating proton beam of the Rochester synchro- 
cyclotron. The +* mesons were detected with a scintillation 
counter telescope in the arrangement shown in Fig. 1, taking ad- 
vantage of the focusing of the mesons in the fringing field of the 
cyclotron magnet. The detection scheme allowed the mesons to be 
distinguished from the background radiation on the basis of their 
rate of energy loss in the first counter, their range in matter, and 
by the requirement of coincident pulses from the three counters. 
The arrangement used for detecting x” mesons can be visualized 
by reflecting the shield and telescope through the radius drawn 
through the target. 
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Fic. 1. Arrangement used for observing mesons 


The background correction was made by subtracting the count- 
ing rate observed with sufficient absorbing material, included in 
the telescope to stop the mesons, from that observed with the 
mesons traversing all three crystals. This correction amounted to 
about 10 percent. 

The recirculation of the proton beam, i.e., the average number of 
traversals of protons through targets, the multiple scattering of 
which varied over a wide range, was measured by a method similar 
to that described by Knox.! The targets in which the mesons were 
produced were designed so that the effect of multiple traversals 
would not be large, and a correction was applied to the proton 
current from the multiple traversal measurement. This correction 
was largest for the Be target, for which it amounted to about a 
factor of 2, and was known within 10 percent. 

The measured relative cross sections are given in Table I; 
the * and x” cross sections are separately normalized to unity for 


Tasie I. Relative cross sections for meson production. 


Element o Aus o 
1.00 +0.03 1.00 +0.07 
7440.06 2.91 +0.07 1.44 +0.05 
+0.2 3.83 +0.05 2.9 +01 
+0.4 3.74 +0.08 4.0 +0.1 
+0.7 3.18 +0.06 3.66 +0.13 
+0.9 2.60 +0.05 3.20 +0.12 
+0.5 +1.0 2.35 +0.06 2.91 40.12 


1.00 +0.07 


Be. The actual x*/x~ ratio for Be is 3+1, but as pointed out above, 
the x* and x” cross sections were not measured in the same angular 
range. The errors quoted in the table are probable errors and 
include contributions from counting statistics, proton current 
fluctuations, and time variation of the detector efficiency. 

It is evident from Table I that the w* relative cross sections 
vary in about the same manner as the x relative cross sections, 
except for C and Al. The difference in these two elements may well 
be due to their considerably different energy thresholds for produc- 
tion of x* and +” mesons.* 

In contrast to a previous experiment on the production of mesons 
by y-rays,’ in which it was found that the sums of the relative 
cross sections varied as A! over a surprisingly wide range, there 
appears to be no such simple correlation of the cross sections of the 
present experiment with the mass number A. This is illustrated in 
Table I, where the relative cross sections have been divided by 
Ai, If, instead of A!, one divides by the proton absorption cross 
section (which varies as A for small A and A! for large A) the 
variation is slightly less. 
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The author acknowledges with pleasure his indebtedness to 
Professor S. W. Barnes for suggesting this experiment, which was 
carried out under his guidance. He also wishes to thank the 
engineering and shop staff under the direction of Messrs. Richard 
Mortenson and Hugo Logemann, the cyclotron operating crew 
under the direction of Mr. Fred Palmer, and Messrs. Cecil Angell 
and John Perry for able assistance with the experiment. 


* This work performed under the auspices of the AEC. 


'W. J. Knox, Phys. Rev. 81, 693 (1951). 
2R. E. Marshak, Meson Physics (McGraw-Hill Book Company, Inc., 
New York), Chapter III (to be published). 


*R. Littauer and D. Walker, Phys. Rev. 83, 206 (1951). 





Nickel 56*:+ 


W. J. Worruincton, Jr.t 
Radiation Laboratory and Department of Chemistry, University of California, 
rkeley, California 
(Received March 10, 1952) 


N the course of an investigation of the high energy spallation 

products of zinc,' evidence for the existence of a new isotope of 
nickel was obtained. In order to isolate and identify this new nickel 
activity, zinc target foils were bombarded with 340-Mev protons 
for approximately two hours. The nickel fractions were not iso- 
lated until approximately twenty days after bombardment, in 
order to allow most of the Ni*’, Ni®, and Ni® to decay prior to 
chemical separation. One of the final steps in chemical purification 
consisted of adding inactive cobalt to the isolated nickel fraction 
and separating the nickel and cobalt through the use of an anion 
exchange column. This method, originally developed by Diamond 
and Hollander,? consists of passing a concentrated hydrochloric 
acid solution of the activities through a column of Dowex-A-2 
resin. Cobalt and other elements which form chloride complex 
ions adhere to the resin while nickel passes through with the 
elutriant. The chloride complex ions may be eluted with dilute 
hydrochloric acid. The cobalt was recovered and checked for 
activity, the absence of which indicated that no cobalt activity 
was in the nickel sample at the end of chemical purification. After 
the decay of the nickel sample had been followed with a Geiger 
counter for approximately eighteen days, cobalt was again sepa- 
rated chemically. The cobalt thus recovered from the nickel frac- 
tion contained an activity which was identified as Co** by means 
of its characteristic 72-day half-life and its 1.5-Mev particulate 
radiation as identified from aluminum and beryllium absorption 
experiments. The fact that Co®* had grown into the sample defi 
nitely proved that Ni®* was present in the nickel fraction originally 
isolated. 

The resolution of the total decay curve of the nickel fraction 
indicated values of 5.6 days and 6.0 days, respectively, for the 
Ni® half-life in two separate experiments. 

Comparison of the counts of Ni5* and its Co®* daughter on a 
Geiger counter indicated a counting efficiency of approximately 
28 percent for the Ni**. This counting efficiency would indicate 
that some particulate radiation is associated with the Ni**. The 
charcter of this particulate radiation could not be determined 
due to the low level of activity in the sample. 

In order to isolate Ni** in larger quantities, elemental iron was 
bombarded with helium ions. Conditions were such that the 
(a, 2n) reaction predominated to give Ni®* as the principal nickel 
activity through the reaction Fe*(a, 2n) Ni**. The radiation from 
the nickel fraction was measured through the use of a scintillation 
detector connected to a pulse analyzer. Four distinct peaks were 
observed corresponding to gamma-rays of approximately 0.16, 
0.5, 0.8, and >1.4 Mev of energy. In addition there was less 
definite evidence for another peak corresponding to a gamma-ray 
of approximately 0.25 Mev; this was largely masked by the peak 
at 0.16 Mev and consequently the characterization was not very 
exact. The peak corresponding to a gamma-ray of 0.5 Mev in- 
cludes annihilation radiation from the Co** daughter and possibly 
from the Ni**. Comparison of the counts due to Co* with those due 
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to Ni®*, however, indicates that there is also an independent 
gamma-ray of about this energy associated with the decay of Ni*. 
The decay of the sample was followed on the scintillation pulse 
analyzer over a period of approximately twelve days and activity 
included in the 160-kev peak decayed with a half-life of six days. 
The activities of the other three peaks exhibited a half-life of 
approximately six days at the start and then a gradually increasing 
half-life as the decay proceeded. Analysis of the radiation on a 
crude beta-ray spectrometer indicated the presence of both posi- 
trons and negatrons, but the positrons could be accounted for in 
the main by the undecayed Ni*’ which was present. The negatrons 
appeared to be mainly conversion electrons. 

From this work it may be deduced that (1) the half-life of Ni5® 
is 6.0+0.5 days; (2) there are at least four gamma-rays asso- 
ciated with the disintegration, with energies of approximately 
0.16, 0.5, 0.8, and >1.4 Mev; (3) the decay is mainly by electron 
capture rather than positron emission. 

The isotope Ni** should be especially interesting to study due to 
the fact that its nucleus is composed of 28 neutrons and 28 protons 
and there are indications that 28 is a “magic number” for both 
protons and neutrons.** 

I wish to express my appreciation for the guidance and advice 
of Glenn T. Seaborg. I also wish to thank P. C. Stevenson, D. F. 
Martin, G. B. Rossi, and the crew of the 60-inch Crocker Labora- 
tory cyclotron, and J. T. Vale and the crew of the 184-inch cyclo- 
tron for their cooperation. The work on the nickel fraction from 
the bombardment of iron with alpha-particles was performed in 
cooperation with Mr. Per Kofstad. 

* This work was performed under the auspices of the AEC. 

t This nuclide has also been studied by R. K. Sheline and R. W. Strough- 
ton [see this issue, Phys. Rev. 87, 1 (1952)]. 

t Major, United States Air Force. 

!W. J. Worthington, Jr., University of California Radiation Laboratory 
Report No. 1627 (January, 1952). 
ai M. Diamond and J. M. Hollander (private communication, May, 
PM. G. Mayer, Phys. Rev. 78, 16 (1950). 


‘W. Low and C. H. Townes, Phys. Rev. 80, 608 (1950). 
5 J. Sanada and Y. Yoshizawa, Phys. Rev. 83, 663 (1951). 





Radioactivity Produced in Platinum by 
Slow Neutron Capture 
B. C. HALDaR* 


Department of Chemistry,t Notre Dame University, Notre Dame, Indiana 
(Received April 28, 1952) 


Y slow neutron capture platinum can produce only the 

radioactive isotope of mass numbers 191, 193, 197, and 199. 
Previous workers'~* have assigned the half-lives 4.33 days, 18 hr, 
and 31 min to the mass numbers 193, 197, and 199, respectively. 
McMillan and his co-workers®? observed by the bombardment of 
platinum with slow neutrons an activity of half-life 3.4 days which 
they assigned to the mass number 197. Later Sherr, Bainbridge, 
and Anderson‘ did not observe the 3.4-day activity but found an 
activity of long period and of small intensity. Recently Cork and 
others® have reported that by the slow neutron bombardment of 
supposedly pure platinum in Oak Ridge and Argonne piles they 
have observed three activities of half-lives 18 hr, 3.4 days, and 
82 days. According to them the 3.4-day activity associated with 
platinum is due to 3.3-day Au’ produced from 31-min Pt'® and 
the 82-day activity is possibly due to Pt'*’. It appears from the 
work of Cork and others® that the active platinum used in their 
experiments has not been purified from 3.3-day Au’ produced by 
the @-decay of 31-min Pt!. Since 31-min Pt! is produced by 
slow neutron reaction with platinum along with other activities, 
it is expected that their experiments would give results character- 
istic of Au, If the 3.3-day activity is due to Au, it should be 
absent in the active platinum chemically purified from gold 
activity. In the present study pure platinum bombarded with 
slow neutrons in the Oak Ridge pile has been chemically purified 
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Fic. 1. Decay curve of active platinum. Upper scale for 19-hr activity; 
lower scale for 4.4-day and 73-day activities 


from gold activity, and the activity of the platinum has been 
followed with the purified sample. 

Platinum was purified from gold activity by two different 
methods. In the first method gold activity was removed by pre- 
cipitating added gold (10 mg) as carrier to the active chloro- 
platinic acid solution by boiling with oxalic acid.* Platinum was 
then precipitated as (NH,)2PtCls in presence of gold hold-back 
carrier, and the process was repeated till the specific activity of 
(NH,)2PtCl, was found to remain constant. In the second method 
gold was extracted from HCl solution of chloroplatinic acid 
in presence of added carrier by shaking with ethyl acetate.’ 
(NH,)2PtCls was then precipitated as stated before. 

The activity of (NH,)2PtCle sample was measured with an end- 
window Geiger-Miiller counter in operation with a 64-scaling 
unit. The thickness of the mica window was 2.7 mg/cm*. Spectro- 
graphic analysis® of the platinum indicated a trace of copper and 
a very faint trace of iron. 

Figure 1 shows the decay curve of the active platinum. The 
curve resolves into three components with half-lives 19 hr, 4.4 
days, and 73 days. The 19-hr and 4.4-day activities are due to 
radioactive isotopes of mass numbers 197 and 193, respectively. 
Aluminum absorption curves taken at different times after the 
bombardment are shown in Fig. 2. The half-thickness values for 
the 8~ correspond to maximum energies of 0.12 Mev and 0.62 Mev, 
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Fic. 2. Absorption curve in aluminum after subtracting the y-tail. 
Solid lines—0.62-Mev 8~; dashed lines—0.12 Mev ¢~. Absorption curve 
40 hours after bombardment— X ; 28 days after bombardment—@; 46 days 
after bombardment—O. One dashed curve is shifted to the right (upper 
scale) for clarity. 
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which are in good agreement with the reported values for electrons 
from 4.4-day activity by Wilkinson* and for 8~ from 18-hr Pt'*, 
Since after 28 and 46 days the 18-hr activity has decayed, the 
0.62 Mev must also be associated with 73-day activity. 

It is quite likely that the 73-day activity is a nuclear isomer of 
19-hr activity, and possibly an isomeric transition takes place 
from 73-day to 19-hr activity which is known to emit 8~ of energy 
around 0.62 Mev. If it be so, then the 73-day activity should be 
assigned to the mass number 197 as has been suggested by Cork 
and others.* Further work is in progress to show the relationship 
between two activities. 

Best thanks are due Dr. R. R. Williams, Jr., for his helpful sug- 
gestions during the progress of the work. 


* Post-Doctoral Research Associate and Fulbright Fellow. 

t+ Contribution from the radiation project. 

1 J. M. Cork and E. O. Lawrence, Phys. Rev. 49, 788 (1936). 

* McMillan, Karnen, and Rubin, Phys. Rev. $2, 375 (1937). 

3G. Wilkinson, Phys. Rev. 73, 252 (1948) 

4 Sherr, Bainbridge, and Anderson, Phys. Rev. 60, 473 (1941). 

* Cork, Stoddard, Rutledge, Branyan, and LeBlanc, Phys. Rev. 77, 843 
(1950). 

*W. W. Scott, Standard Methods of Chemical Analysis (D. Van Nostrand 
Company, Inc., New York, 1939), fifth edition, Vol. I, p. 716. 

7W. Wayne Meinke, University of California Radiation Laboratory 
Report No. 432 (1949). 

§ Kindly supplied by Mr. J. H. Gillete, Superintendent Radioisotope 
Control Department, Oak Ridge National Laboratory. 





The Influence of Relativistic Corrections upon 
Singular Nuclear Potentials 
J. WeRLe 
Institute for Theoretical Physicas, Warsaw University, Warsaw, Poland 
(Received May 6, 1952) 


T is well known that the static interaction potential between 
nucleons, as deduced from meson field theories, contains an 
inadmissible 1/r* singularity in its noncentral part. Some progress 
in solving this difficulty has recently been reported. It has been 
shown! e.g., that in the case of pseudoscalar mesons the order of 
the singularity is appreciably lowered if relativistic effects are 
taken into account. But the interpretation of this and other results 
by several authors do not agree with one another. Some of them 
are obviously incorrect. The very fact that in trying to account 
for the relativistic effects the methods of second quantization and 
also momentum representation are used makes the discussion 
more difficult. This is so, chiefly because the transformation of an 
operator from the momentum to the configuration space of the 
particles is neither simple nor unambiguous. The previous lack 
of an adequate approximation method enabling us to perform all 
the calculations in configuration space has been a serious dis- 
advantage. This was especially true because there was no classical 
picture of the problem, which could be translated into quantum- 
mechanical language by means of a simple correspondence treat- 
ment. 

The purpose of this note is to present a method, which seems to 
clarify this problem and operates consistently in the configuration 
space. It is a method of successive approximations analogous to 
those used with much success in the theories of gravitational and 
electromagnetic fields.? This method can also be interpreted within 
the frame work of quantum theory, the transition being made by 
simple correspondence principle. The method developed below 
clearly and simply accounts for all the results given hitherto by 
the meson theory of nuclear forces. E.g., the equivalence of the 
pseudoscalar and pseudovector couplings for pseudoscalar mesons 
is simply demonstrated including the cancellation of the 1/r* 
singularity. The results in this case are in agreement with those of 
Dyson and Van Hove.' As far as mutual interaction of nucleons 
is concerned, the final results of the new method are essentially the 
same as given by Mdller’s formula for meson fields. Application of 
the new procedure to the vector meson field shows that in this case 
too the static singularity is cancelled by the pseudorelativistic 
term. However the equivalence of tensor and vector couplings in 
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this case is not so complete as in the analogous problem in the 
pseudoscalar theory. This fact will probably explain the apparent 
discrepancy between my result and conclusions drawn by Van 
Hove at the end of his work. 

When dealing with scalar mesons we get a strong spin-orbit 
coupling as indicated recently by many experiments. 

I will now outline the method used. 

rhe equations of meson field theory, e.g., 


()—p*) e= —4gd(Z—E(d)), 


can be solved by assuming that there exists a development of the 
function ¢ according to the successive orders of time derivatives 
i.e., in a power series of a parameter A= 1/c (absorbed in the ¢’s) 
and such that differentiation with respect to time raises the order 
by one 


So we assume: 


: 
» s 

e= Bu oi@"= 
l=-0 l=0 


ue 


. 
ig is of the same order as 241¢. 


1/c dye/al 


We now have 
(A—p2)D ng=—4Awgds(*)+Z ay 


F=2—E(1), 
and after reordering the terms we obtain an infinite set of equations 


(A— p)o¢ = —41gd3(F) 
(A—p)n¢=n2¢ for 121. 


A general formula for a¢ satisfying this set can be given. The first 
three terms have the form (we put c=1): 


¥ ¢¥ pT 


¢ + 


‘ie 
“ur y2 Aa 
e 1 @ 1a 
-.| —— —e 4 — — (ur +1 )e + I 
r 2p 0? 8u' at! 
The full solution can be written symbolically : 
nf 24 g2/dj2)¥) 
*exp[ —r(u?+d?/dl*)4) 
«| 5(t—ty)dl. 
. r 
The above formalism can be easily extended to cases of more 
complicated sources. If in the development of ¢ we restrict our 
selves to the retardation correction of the second order we get: 
te Este 56) 


r2 


e " ( 
=8 [: + hEnERt+ bER(ER— xe) — (ur+ 1) 
r 


With such formulas we can obtain in a pure “classical” way the 
interaction “potential” exact to the second order of time deriva- 
tives. For instance we can use Dirac’s method? of obtaining equa- 
tions of motion from the conservation laws T yy, »=0 (T y» denotes 
the energy-impulse tensor of the pure mesonic field with appro 
priate point sources representing nucleons). It is convenient in 
deducing the interaction potential between two nucleons to set 
their masses equal and to choose the center-of-mass coordinate 
system. In this way, after apparent symmetrization, we get for 
the scalar meson interaction: 





wri? 1 
€ 
J(1,2)=—g — [1 &,DE,@ 
ry 2 


1 Eg (EY — Ey) (EY — £,(?) 
' tS (aria 1) 
? 2 2 
- r(12) 
(ERY — Ep) (EY — &,) 


+ - 


rhe transition to quantum theory can now be made by a simple 
rule: All time derivatives of the variables of the first nucleon should 
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be replaced by quantum-mechanical commutators with the ap- 
propriate free nucleon Hamiltonian, e.g., 


Eile} = an, 
and so on. This is also the case with time derivatives of other 
operators (for instance Dirac matrices). In the scalar interaction 
case it is easily seen that besides the normal static interaction 
we get three relativistic terms. Two of them are analogous to the 
Breit correction; the third term with & gives spin-orbit coupling. 

It can be easily verified that the same correspondence treatment 
gives all the results mentioned above concerning other meson 
fields. For pseudoscalar mesons with pseudoscalar coupling, we 
obtain in the same manner the known noncentral static inter- 
action, but without any inadmissible singularity. Thus it is obvious 
that it is not true that the static noncentral potential must be 
inherently connected with a 1/r* singularity (compare also ref- 
erence 4). This result is a consequence of the rules of multiplica- 
tion of Dirac operators. If two “relativistic” (that is, mixing) 
matrices are multiplied, the result may be a nonrelativistic 
(nonmixing) matrix (e.g., p1a@;=o%). This shows that there exists 
an intimate connection between spin couplings and “Zitter- 
bewegung.” 

A detailed report of this work will be published elsewhere. 

I am very much obliged to Professor L. Infeld for suggesting 
this problem and for many helpful discussions. 

'F. J. Dyson, Phys. Rev. 73, 929 (1948); L. Van Hove, Phys. Rev. 75, 1519 

« 9) 
ty Einstein and L, Infeld, Can. J. Math. Vol. Inr. 3 (1949); L. Infeld, 
Phys. Rev. 53, 836 (1938); L. Infeld and P. R. Wallace, Phys. Rev. 57, 797 


’P. A. M. Dirac, Proc. Roy. Soc. (London) A167, 148 (1938) 
‘T. Toyoda, Phys. Rev. 77, 853 (1950). 





A Mechanism for Sputtering in the High Vacuum 
Based upon the Theory of Neutron Cooling* 
FRANK KEYWELL 
University of Southern California, Los Angeles, California 
(Received May 5, 1952) 


PHILLIPS Ion Gauge Discharge! has been used as a source 

of ions to measure absolute sputtering ratios (number of 
atoms sputtered per incident ion) for silver metal bombarded by 
argon ions. The ions streamed from the plasma through a 0.115-in. 
drilled hole in the P.I.G. cathode through a }-in. aperture in an 
accelerating shield. The target was entirely surrounded by the 
shield, and biased positive to return secondary electrons and 
thereby ensure a correct measurement of the ion current (steady 
to within 5 percent). No shield was used for ion energy less than 
500 v. The circuit is shown in Fig. 1. 
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A typical set of operating conditions would be the following: 
P.1.G.: H=1000 gauss; P=1.2 microns; i=10 ma; »=1800 v. 
Target current = 54 ya; target voltage = 3500 v. 
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It is to be noted that as the above pressure the mean free path 
is 4.2 cm, long enough to allow atoms to escape without back- 
scattering 

Absolute sputtering ratios are measured by simply bombarding 
the target for a measured time with a constant beam current. 
The weight loss of the target in micrograms gives the number of 
metallic atoms sputtered; thus the absolute sputtering ratio is 


n= No. of atoms sputtered/No. of ions incident. 


At 3480 volts: Positive ion current=54 wa; weight loss, Ag 
target in ug= 1458 ug; time of bombardment = 3000 sec; n=7.9 
atoms/ions. 

The result of a series of measurements at various ion energies are 
indicated in Fig. 2, as well as results of similar measurements by 
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Fic. 2. Sputtering ratio vs incident ion energy for Ag \ 


Gregory Timoshenko.? The reason for the observed differences is 
not known. 

A striking point of interest in the above data is the small 
number of atoms sputtered per incident ion compared to the 
number which is energetically possible. Neglecting heat conduc 
tion, a 4000-volt ion incident on silver has sufficient energy to 
sputter 975 atoms (4.1 ev/atom), yet the actual number sputtered 
is 8. This number, however, is just the order of the number of 
collisions required to “cool” a 4000-volt argon atom to an energy 
of approximately 40 ev, where we consider the silver lattice as a 
moderator and the argon atom to lose energy by a diffusion 
collision process.’ Neutron diffusion theory can be applied to this 
process. 

According to standard theory, the initial energy of a neutron 
E, will be reduced to E, after n collisions in a moderator of atomic 
weight M, where these are related by 

(M—1)?, M+1 

2M M1 


E,=Ee"*, §=1 (1) 

Similarly, if we consider an ion, at. wt A, to be cooled by colli 
sions in the same moderator, it will make a relatively small num- 
ber of collisions m and reach a characteristic energy below which 
it can cause no further disturbance in the metallic lattice. For 
argon ions incident on silver, 


(M—A)?, M+A_.. 


=0.59, E,=Eye"*. 2 
ia" h-A an ‘¢) 


g=1- 
The data observed can be fitted quite closely by least squares 
from 150-6200 v, as indicated in Fig. 2, by a relation of this form, 
where E,=39 v. The sputtering ratio formula for Ag is 
n= (1/0.59) In(Eo/39) Ag atoms/A ion. 


Thus, in agreement with the observed inefficiency of ions in 
releasing secondary sputtered particles, the following theory of 
sputtering in the high vacuum is proposed : An energetic ion, upon 
striking the crystalline lattice, will be “cooled” by a diffusion- 
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collision mechanism similar to neutron cooling. In the process it 
will make a small number of collisions with the atoms of the 
material being sputtered, these collisions being violent enough to 
cause the meta! atoms to be dislodged from the lattice and be 
removed as sputtered material. After the incident ion has made 
sufficient collisions to cool it to some characteristic energy (the 
empirical value E,), the sputtering process will stop. By use of 
formulas (1) and (2), the sputtering ratio formula is 


n= (1/£) In(Eo/E,). 


There is a satisfactory agreement between theory and observa- 
tion for Ag metal bombarded by A ions. The same analytic relation 
has been indicated for sputtering of Al, Pb, and Cu when these 
metals are used as cathode materials in the P.I.G. discharge run 
with argon gas. Further studies will be attempted with additional 
metals and gases. 

I wish to thank Dr. John Backus for use of the 13-in. pole-face 
magnet and for many helpful suggestions. 

* Assisted by the program of the ONR. 

1A. Guthrie and R. K. Wakerling, Characteristics of Electrical Discharges 
in the Magnetic Fields (McGraw-Hill Book Company, Inc., New York, 
1949), first edition, Chap. 11, p. 345; J. Backus, Manhattan District 
Declassified contribution No. 1327 (1947). 

? Gregory Timoshenko, J. Appl. Phys. 12, 69 (1940) 

+E. Fermi, Nuclear Physics, notes compiled by Orear, Rosenfeld, and 
Schluter (University of Chicago Press, Chicago, 1950), p. 18 





Slow Neutron Resonances in In'" and In'!*} 
V. L. Sattor anp L. B. Borst* 
Brookhaven National Laboratory, U on, New York 
(Received May 9, 1952) 


IjE resonance absorption of slow neutrons by indium was 

reported in 1936 by Amaldi and Fermi.’ In recent years the 
indium cross section has been measured by groups at several 
laboratories*~* and resonances have been reported at 1.44, 3.8, 
and 9.0 ev. The very strong resonance at 1.44 ev has been assigned 
to In" on the basis of activation experiments.?* Definite isotopic 
assignment of the other two resonances could not be made, but 
they were commonly attributed to In" to account for the cadmium 
ratio obtained by measuring the activation of In“ However, if 
such isotopic assignment were correct, it would appear that 
indium has fewer resonances than would be expected from simple 
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Fic. 1. Total cross section for normal indium. 
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considerations. If one assumes that the spacing between resonances 
is of the same order of magnitude as the energy of the first reso- 
nance, then In"* would be expected to have a spacing between 
resonances of a few electron volts. 

We have recently remeasured the indium cross section to 
investigate the apparent discrepancy in the density of resonances. 
The measurements were made with the Brookhaven crystal 
spectrometer,® which uses a beryllium crystal for the monochro 
mator. Beryllium gives relatively good intensity and resolution up 
to about 50 ev. The total cross section for normal indium obtained 
with this instrument is shown in Fig. 1. 

It is possible to use small samples with the spectrometer; hence 
enriched isotopes’ of indium could be used to identify the reso- 
nances. The transmission curves for normal and enriched samples 
are shown in Fig. 2. It should be noted that all three of the reso- 
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Transmission for normal indium and two enriched samples. The 
n In'3 is too broad to be a single resonance. Sample thicknesses 
4 =1.873, B=8.003, C =0.189, D=2.20, E=0.14, F =0.14 


Fic. 2 
dip at 25 
are as follows 
G =0.61 g/cm? 


nances previously reported belong to In". Several additional 
resonances have been observed in both isotopes. The results are 
summarized in Table I along with the corresponding resolution 
width for each resonance. 

It appears that the spacing between resonances is about 6 ev in 
each of the isotopes. The strength of the resonances in any one 
isotope varies considerably. For example, in In"™5 the resonances 
at 1.458 and 3.86 ev have relative strengths (oI); 4¢/(ooT?)s.s6 


Taste I. Neutron resonances in indium isotopes. The term AE is the full 
width at half-maximum of the resolution triangle of the instrument 


Eo (ev) Isotope AE (ev) 
0.041 
0.056 
0.176 
0.235 
0.643 
0.98 
1.33 
~2.8 
2.6 


1.458 +0. 003 

+0.03 

+0.02 

+0.03 

+0.05 

+0.1 

+0.2 

(two or more) 
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=45. If we assume that I’, is the same order of magnitude for 
both resonances, then after correcting for the ratio of Ag? one 
obtains the approximate result (gI’,):.458/(g'»)s.se~17. If it is 
assumed that only s neutrons are effective in producing the 3.86-ev 
resonance, it is impossible to explain such a large difference in the 
magnitude of gI’,, for the two resonances on the basis of current 
resonance theory. 

A more detailed analysis of the resonances is being prepared and 
will be submitted for publication in the near future. 


+ Research carried out under the auspices of the AEC. 
* Now at the University of Utah, Salt Lake City, Utah. 
'E,. Amaldi and E. Fermi, Phys. Rev. 50, 899 (1936). 
?C. P. Baker and R. F. Bacher, Phys. Rev. 59, 332 (1941); Bacher, 
69, 443 (1945); B. B. McDaniel, Phys. 
Rev. 70, 832 (1946). 


3W. W. Havens, Jr., and J. Rainwater, Phys. Rev. 70, 154 (1946); 
Havens, Wu, Rainwater, and Meaker, Phys. Rev. 71, 165 (1947). 

‘ Borst, Ulrich, Osborne, and Hasbrouck, Phys. Rev. 70, 557 (1946). 

5 J. L. Lawson and J. M. Cork, Phys. Rev. 52, 531 (1937). 

* A full description of this instrument will be submitted for publication 
in the near future. 

The enriched isotopes were obtained on loan from the Isotope Research 

and Production Division of the AEC. 


Baker, and McDaniel, Phys. Rev. 


Isomers in Tellurium 1337 
ALexis C. Pappas* 
Massachusetts Institute of Technology, Cambridge, Massachusetts 
(Received May 16, 1952) 


BSERVED discrepancies in the fission yields of the members 

of mass-chain 133 suggested the existence of an isomer of 
Te'*.! On theoretical grounds, Goldhaber® predicted that the 66- 
min Te is the upper member of an isomeric pair and that the 
ground state for Te probably has a short half-life. This phe- 
nomenon may be responsible for the apparent discrepancy in the 
cumulative fission yields. 

In irradiated UO, tellurium fission products were first removed 
and tellurium then isolated from the decay of 4.4-min Sb"*. The 
last tellurium samples show a perceptible growth of a short-lived 
daughter in the 63-min decay curve. The half-life of the daughter 
is found to be about 2 min. 

In studies of the chemical states of tellurium formed in fission, 
Williams* showed that if the parent isomer is held in acid solution 
in the valence state +6, most of the daughter will be formed in 
the lower valence state +4. A fast daughter separation by selec- 
tive reduction with H2S was made from the 63-min Te prepared 
in the +6 state. The daughter fraction decayed with a prominent 
component of half-life about 2 min. The parent showed a half-life 
of 63 min.‘ 
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Fic. 1. Tentative decay scheme Te!®"—Te!# —[)3, 
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Aluminum absorption curves of pure 63-min Te" in equi- 
librium with 2-min Te™ gave, when analyzed by the Feather 
method: 1.3-Mev 8, 2.4-Mev 8 and probably a high energy com- 
ponent but in very low abundance. Electrons of about 0.3 Mev 
energy were also found, showing the existence of converted gammas 
of energy >0.3 Mev. 

Lead absorption curves showed y-rays with energies 0.3 Mev, 
0.6 Mev, and 1.0 Mev. A tentative decay scheme is given in Fig. 1. 

The energy >0.3 Mev for the transition 63-min Te"/2-min 
Te is somewhat lower than that predicted by Goldhaber, ~0.4 
Mev. The value 0.3 Mev was determined by absorption measure- 
ments, and the precision is not very high in this case because of 
the presence of the 8-rays. 

In order to make a more precise determination, experiments 
were done together with M. Goldhaber at the Brookhaven Na- 
tional Laboratory. In order to get higher activities the reactor 
was used, and carefully purified Te” in equilibrium with 2-min 
Te'™ was studied using a scintillation spectrometer. Preliminary 
experiments showed that the decay is rather complex, but a con- 
verted gamma of about 0.4 Mev energy is probably there. This 
work will therefore be continued. 

The author wishes to express his sincere thanks to Professor 
C. D. Coryell and Dr. M. Goldhaber for their interest in this 
work and for the arrangements made for him to work at the 
Brookhaven National Laboratory. 

+ This work was supported by the AEC. 

* Present address: Department of Chemistry, 
Norway. 

1L, E. Glendenin, unpublished; available in Massachusetts Institute of 
Technology Report No. LNSE-35, December, 1949. A. C. Pappas, unpub- 
lished; available in Massac husetts’ Institute of Technology LNSE Progress 
Report. October 1, 1950. 

2M. Goldhaber, private communication, January 1951. 

+R. R. Williams Jr., Radiochemical Studies: the Fission Products (Mc- 
Graw-Hill Book Company, Inc., New York, 1951), Paper No. 20, National 
Nuclear Energy Series, Plutonium Project Record, Vol. 9, Div Re 

‘A. C. Pappas, unpublished; available in Massachusetts‘ Institute of 
Technology LNSE Progress Report, May 31, 1951 
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Spontaneous Fission of U**‘, Pu®*, Cm?***, 


and Cm?*‘} 
Hicoins, A. E. Larsu, G. T. 
AND S, G. THOMPSON 


Radiation Laboratory and Department of Chemistry, 
University of California, Berkeley, California 


(Received May 19, 1952) 


A. Gutorso, G. H. SEABORG, 


N a recent communication commenting on the mechanism of 
fission we called attention to the simple exponential depen- 
dence of spontaneous fission rate on Z?/A and to the effect of an 
odd nucleon in slowing the fission process.' Since it is of interest to 
test further the simple correlation of the spontaneous fission rate 
for even-even nuclides with Z?/A, a further number of such rates 
have been determined. 

The spontaneous fission rates were measured by placing the 
chemically purified samples on one electrode of a parallel plate 
ionization chamber, filled with a mixture of argon and carbon 
dioxide, which was connected with an amplifier followed by a 
register and a stylus recorder. The results are summarized in 
Table I. The U™ was a sample of high isotopic purity obtained 
by the electromagnetic concentration process, the Pu®* was pre- 
Pu™, Cm™, and Cm™, 


TABLE I.* Spontaneous fission rates of U™, 


“Half-life” 
Nuclide_ 


Fissions /e hr 
enemies - 
Pu 8 
Cm 1.00.2 x10" 
Cm™* 4+0.2 X10" 


® The errors indicated are statistical only and do not include any estimate 
for possible systematic errors. 
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pared by bombarding highly enriched U** with 18-Mev deuterons 
according to the reactions 


8 
U*5(d, n)Np®™*—>Pu®, 


the Cm*™® came from the bombardment of Pu** with 38-Mev 
helium ions according to the reaction Pu**(a, 3n)Cm™, and the 
Cm*™ came from the pile neutron bombardment of Am** (con- 
taining Am™') by the reactions 


Am**“(n, y)Am™**—>Cm™. 


By the nature of their methods of production, the Cm*® and 
Cm™ contained some Cm** whose spontaneous fission had to be 
subtracted from the total rate in each case. The Cm also con- 
tained some Cm™', but since the fission rate seemed to decay with 
the half-life of Cm™®, the contribution of the Cm™! must have been 
small. This observation on Cm*' would agree with the lower rate 
expected for nuclides having odd nucleons. The result for U™ is 
consistent with the earlier observation of Segré,? who reported an 
upper limit of 30 spontaneous fissions/gram-hour. 

These data are included in Fig. 1, which is otherwise identical 
with the plot in the previous report! (where references are given), 
with the exception that odd-nucleon nuclides, which apparently 
all fall above the line, are not included. As can be seen, the new 
even-even nuclides fit in fairly well with the correlation. However, 
some even-even nuclides such as U™, and possibly also U™* and 
Th™, exhibit substantial deviations in the direction of slower 
rates. It is apparent that more data are needed in order to es- 
tablish the pattern for even-even nuclides in detail. Nevertheless, 
it can be definitely stated that the spontaneous fission rates for 
even-even nuclides seem to define a certain limiting rate, and it 
seems especially significant that the extrapolation of the line 
(in Fig. 1) representing this rate to the region of instantaneous 
rate (that is, half-life of the order of 10~®° second) gives a value of 
about 47 for Z?/A, which corresponds with the predicted limiting 
value for Z?/A. 

Similar considerations in regard to spontaneous fission rates 
have recently been published by Whitehouse and Galbraith.’ 
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We wish to express our appreciation to Professor J. G. Hamilton, 

T. M. Putnam, Jr., G. B. Rossi, and the operating crew of the 

60-inch cyclotron of the Crocker Laboratory for their help in the 

bombardments. We would also like to thank the Y-12 Area of the 

Oak Ridge National Laboratory for supplying the highly purified 

Us sample. 

work was performed under the auspices of the AEC. 

Seaborg, Phys. Rev. 85, 157 (1952). 


I 
Segré, Phys. Rev. 86, 21 (1952). 
J. Wi hitehouse and W. Galbraith, Nature 169, 494 (1952). 
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The Gauge Invariance Problem 


HARTLAND S. SNYDER* 
Palmer Physical Laboratory, Princeton U niversity, 
Princeton, New Jersey 
(Received May 13, 1952) 


I’ appears to be generally believed! that the recent formulation? 
of electrodynamics in the interaction representation is gauge 
invariant. This is not true, as will be shown below. Since a state- 
ment which is contrary to accepted notions is being made, it is 
well to state precisely the point in the theory where the lack of 
gauge invariance arises. The definition of the basis vectors of the 
representation in terms of a separation of the interaction-free 
electron-positron field into positive and negative frequency parts 
does not give a gauge invariant representation, 

As no development of quantum electrodynamics is here in- 
tended, the formulas used to demonstrate the above point will be 
taken from the literature. 

In the interaction representation, according to Schwinger, 
paper I, the effect of a gauge transformation of the second kind, 


A y(x) =A ,'(x)—OA(x)/dx,, 


is compensated for in the equations of motion by the canonical 
transformation 
W(o) =expl—iG(o) ]¥'(o (I, 2.40) 


with 


. es 
Go) = 55 J, il@ACe)dey. (I, 2.41) 
The meaning of the canonical transformation (I, 2.40) is: If a 
certain physical state is represented by the state vector ¥(o) when 
the potentials are A,(x), then the same physical state is repre- 
sented by the new state vector ¥’(o) when the potentials are 
A ,'(x) 
In the interaction representation the electron-positron spinor 
field satisfies the equation 
(7 p9/OXyt+Ko) py =0. (1, 2.16) 


Further, in Schwinger, II, the spinor field ¥(x) was decomposed 
into positive and negative frequency parts ¥*(x), ¥~(x) with 
definitions given by (II, 1.47) and (II, 1.48), respectively. 


7 1 
vy (Y= 4 
2ri 


f ¥(x—er)(dr/r), (II, 1.47) 
C+ 


(II, 1.48) 


ee 
v(x) =— ¥(x+er)(dr/r), 
2ridc+ 


with the contour of integration extending from — © to + and 
passing below the singularity at r=0 with ¢ a time-like four- 
vector with a positive time component. The “vacuum” state was 
then defined by the conditions 


¥* (x) ¥o=0. (II, 1.63) 


v(x) Wo=0. (II, 1.64) 


Although Schwinger didn’t do so explicitly, a one-electron state 
would then be defined by’ 


¥*(x)Wo= v(x), 
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with a corresponding extension to multiparticle states. A complete 
collection of vectors of the types enumerated above then consti- 
tutes a system of basis vectors for the representation. We now note 
that this system of basis vectors is chosen independently of the 
gauge. As has already been seen, the same physical state is repre- 
sented by different vectors in different gauges; thus, the same vec- 
tors must represent different physical states in different gauges. 
The conclusion is therefore immediate that the representation 
given above is not gauge invariant. Even though the basis vectors 
are chosen in a gauge invariant manner these fixed vectors repre- 
sent different physical states in different gauges and also, as is 
better known, on different space-like surfaces. 

There is no implication intended here that electrodynamics is 
intrinsically gauge dependent, but only that this particular scheme 
for introducing electrons and positrons into the theory is gauge 
dependent. 

* On leave from Brookhaven National Laboratory, Upton, N. Y. 


1 The author obtained this impression from private conversations with 
a number of theoretical physicists. The author also had the same delusion 


until quite recently. 
Tomonaga, Prog. Theoret. Phys. 1, 27 (1946); J. S. Schwinger, I. 
J. S. Schwinger, I], Phys. Rev. 


Phys. Rev. 74, 1439 (1948); J. 75, 651 (1949), 
3 There is a difficulty here with the normalization of ¥(x) which can easily 
be avoided by taking a weighted average of ¥(x) over a region of space time 


Angular Distribution of Photoprotons from Carbon* 
J. Hacpern, A. K. MANN, AND M. ROTHMAN 
University of Pennsylvania, Philadelphia, Pennsylvania 
(Received May 21, 1952) 


TILIZING the techniques recently reported! for determining 

the angular distributions of photoprotons from targets of 
copper, cobalt, and nickel, we have measured the photoproton 
angular distribution from a 38 mg/cm? target of C bombarded 
by bremsstrahlung of 23-Mev maximum energy. Results are 
given in Fig. 1. 
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The distribution shows, as did those of copper and cobalt, a 
large asymmetric component peaked in the forward direction. For 
carbon the asymmetric component represents a greater portion of 
the total protons ejected and the forward shift of the peak from 
90° is about 10 degrees.2 Nonetheless, the distribution can be 
fitted by an expression of the form 


1+(@ siné+5 sind cosé@)?, 
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representing dipole and quadrupole interference terms. This is the 
same expression obtained for copper and cobalt. The solid line 
drawn through the experimental points of Fig. 1 is taken from the 
expression 
(sind+0.25 sin@ cosé)? 

for the asymmetric component. Thus the amount of quadrupole 
absorption at these energies in carbon, about 1 percent in inten- 
sity, is less than that in copper and cobalt by a factor of 4. 

The above analysis is considerably strengthened in the case of 
the C"(y, »)B™ reaction in that the spins and parities of the 
initial and final states are known. From energetics considerations, 
only two levels of the residual B" nucleus are involved, the ground 
level and the first excited level with 2.14 Mev of excitation. Transi- 
tions to the level at 4.46 Mev would yield protons of insufficient 
energy to reach the detectors. Transitions to the ground level of 
B", most probably a sz level,’ could satisfy all conditions of 
conservation of angular momentum and parity for dipole-quad- 
rupole interference and for the observed symmetric component. 
Transitions to the first excited level of B" would also satisfy 
these conditions with a spin of $ or 3 for this level. 

* Supported in part by the Air Research and Development Command and 
by the joint program of the ONR and AEC 


1 Mann, Halpern, and Rothman, Phys. Rev. 87, 146 (1952). 
? Angular uncertainties in the settings of the detector are restricted to 


+2 degrees 
* Hornyak, Lauritsen, Morrison, and Fowler, Revs. Modern Phys. 22, 


291 (1930). 


Absorption Coefficients of Gamma-Rays 

WYARD 

University College Hospital. London, England 
(Received April 14, 1952) 


S. J 


ECENTLY published measurements of the absorption coeffi- 

cients of gamma-rays in the energy range from 0.3 to 2.8 
Mev have, on the whole, confirmed the values calculated from 
theory. However, in the case of the radiation from Co® (mean 
energy 1.25 Mev) Davisson and Evans! reported values of the 
total absorption coefficients for lead and tantalum which were 
2 percent and 5 percent less than the theoretical values; while 
Shimizu, Hanai, and Okanoto* reported values which were be- 
tween 3 percent and 5.5 percent less than the theoretical values 
for 6 elements with atomic numbers between 73 and 81. 

I have recently measured absorption coefficients for C, Al, Cu, 
Mo, Ag, W, Pb, U, and H.,0, using the isotopes Hg?, Cr®!, Ru!, 
Rb**, Co, and K® as sources of gamma-radiation. The arrange- 
ment of apparatus and the method of measurement were very 
similar to those described by Shimizu, Hanai, and Okamoto. 
Corrections were applied for the effect of bremsstrahlung and 
Compton scatter from the source, and for Compton scatter and 
Rayleigh scatter from the absorber. The standard deviations in the 
corrected values of the absorption coefficients were between 0.5 
percent and 1 percent in most cases, but were only 0.3 percent for 
the measurements made with Co. 

The theoretical values of the absorption coefficients were calcu- 
lated in the usual way, from the Klein-Nishina formula for the 
Compton scatter coefficient, from Hulme et al.* for the photo- 
electric coefficient, and from Bethe and Heitler‘ for the pair pro- 
duction coefficient. 

The measured and calculated values of the total electronic 
absorption coefficients are given in Table I, together with the 
standard deviations in the measured values due to experimental 
errors, and the possible errors in the theoretical values due to 
uncertainties in the values of the quantum energy. The values 
have all been multiplied by 10°. 

The measured values for elements of low atomic number agree, 
within the limits of the experimental errors, with the theoretical 
values, thus verifying the Klein-Nishina formula. On the other 
hand, the measured values for W, Pb, and U at the higher energies 
are significantly smaller than the theoretical values. There are no 
anomalous values, however. If the Klein-Nishina formula for 


THE EDITOR 165 


TABLE I. Measured and calculated values of «# X10, with the standard 
deviations. The experimental value for each absorber is listed first, with the 
theoretical value directly below. The y-ray energies in the headings are in 
Mev. The numbers following + are the standard deviations in the last two 
decimal! places quoted. 

Cos? 
1.1715 
1.3316) #10 


ig? Cre Rus Rb* 
0.279402 0.325405 0.496402 1.076403 


Ke 
1.51401 


3.580 +80 
3.631 +05 


2.920 +21 
2.902 +04 


2.065 +19 
2.037 +03 


890 +08 
885 +02 


701414 
-713 +06 


2.032 +13 
2.037 +03 


874+06 
-885 +02 


3.720 +40 2.879416 .697 +16 


3.631405 3.429411 2.902404 


3.693 +81 2.876421 
660+05 2.908 +04 


2.052 +13 
2.038 +03 


893 +05 
887 +02 


3+63 972 +23 


21 2 2.064 +16 
151410 ; 3 3.013 +05 


2.055 +03 


898 +06 
901 +02 


3. 
4 
4. 


945 +06 


3.268419 2.105+20 
1 -940 +02 


? 
3.297 +07 2.105 +03 


5.331445 
5.239 +48 


3.454 +20 s 3 1.959+05 
3.476408 2.13 1.966 +02 


§.336 +29 & 2.245 +07 
5.490 +22 ‘ 5S 2.264403 


19.05 +28 
18.94+16 


6.345 +26 2.403 +06 


7 120416 
6.491429 2.723% 2.425 +03 


143 +11 


8.026 +32 
8.114440 


303 +12 


3.027423 2.641409 
2. 343 +12 


3.061 +07 688 +03 


Compton scatter and the Bethe and Heitler values of the pair 
production coefficient are assumed to be correct, the results indi- 
cate that the calculatiors of Hulme ef al. for the photoelectric 
coefficient are in error by the amounts given in Table II. These 


TaBLe IT. Values of [(ctexp¢ —¢Ttheor) /¢7theor! X100, with 
standard deviations. 


E(Mev) .279 


0.325 0.496 1.076 {1.1715 


\1.3316 
—3.240.8 —3.541.5 —5.0408 —6.8+42.3 


1.51 


% Error —1.5+1.8 +1.942.1 


amounts are the weighted means of the differences between the 
experimental and the theoretical values of the photoelectric coeffi- 
cient for all the absorbers at each quantum energy. 

A fuller account of this work is in preparation. 

'C. M. Davisson and R. D. Evans, Phys. Rev. 81, 406 (1951). 

? Shimizu, Hanai, and Okamoto, Phys. Rev. 85, 290 (1952). 

3 Hulme, McDougall, Buckingham, and Fowler, Proc. Roy. Soc. (London) 


A149, 131 (1935). 


*H. Bethe and W. Heitler, Proc. Roy. Soc. (London) A146, 83 (1934). 


Investigations of Complex Structure in 
Alpha-Emission with Nuclear 
Emulsions* 

Dean C. DUNLAVEY AND GLENN T. SEABORG 
Radiation Laboratory and Department of Chemistry, U niversity of California, 
rkeley, California 
(Received May 8, 1952) 

A STUDY has been made, utilizing the method of photo- 

graphic emulsions, of the conversion electrons accompanying 
the complex alpha-group structure in a number of nuclides. 
These conversion electrons, coincident in origin with the alpha- 
particles, were identified in Ilford G-5 nuclear emulsions. Energies 
of the electrons were approximated from their range and this, 
together with postulation of the shell of conversion (or binding 
energy) of the electrons, allowed calculation of the gamma-ray 
energy or nuclear energy level separation. The percentage of 


alpha-particles having such conversion electrons associated with 
them represent a lower limit to the alpha-decay leading to the 








Isotope 


Cm™ 


TasLe I. Conversion electrons accompanying alpha-decay. 


Alpha 


events 


observe 


5250 
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% having 
conversion 
d electrons 


2343 


5645 


Shell 
of con- 
version 


Electron 
energies 
(kev) 
25+45(19%) L 
4045 (4%) M 


<20(12%) 
20-35(31%) 
35-60 (9%) 
two electron 
coincidences 
(4%) 


3045 

4545 

2045 

3045 
100 +20(0.5%) 


2045 
3545 


25 +5(17% 
4045 (3%) 
<20(10%) 


20-40(38%) 
40-65 (20%) 


Gamma-energy 
(kev) 


~45 
~45 


several levels, 
highest at least 
65 kev above the 
ground level 


~50 
~50 
~35 
~35 


origin uncertain 


~40 
~40 
~45 
~45 
several levels, 


highest at least 
65 kev above the 
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two electron ground level 


coincidences 
(11%) 
three electron 
coincidences 
(1%) 
25245 
40+5 


30 +5(23%) 
4545 (4%) 


4045 
5545 


9700 
8000 


5100 3545 


7500 


corresponding nuclear energy level since the unconverted gamma- 
rays are not measured by this technique. 

Fresh plates were ordered frequently and used within three to 
eight weeks after the time of manufacture in order that no eradica- 
tion of electron background (with associated densitization of the 
emulsion) would be required. Because of residual acidity left in 
the emulsion with the radioactivity through use of citrate or 
acetate complexing agents (to aid penetration of the radioactivity 
into the emulsion), a 30-minute presoaking of the plates in dilute 
NasCO; solution preceded normal development with Eastman 
D-19 solution. The customary period of exposure was 66 hours; 
where the daughter was a beta-emitter of sufficiently short half- 
life, appropriate corrections were made in the percentages of 
electron abundance. Alpha-particle emitting contaminants were 
negligible (0-1 percent) in all cases except U™* for which an 
isotopically enriched sample was used and appropriate corrections 
made for U™ and U™*, Close agreement was found between the 
present results and those of Asaro and co-workers in’ earlier work 
on the two nuclides Cm**! and Pu? using the alpha-magnetic 
spectrometer; this was regarded as indicating satisfactory effi- 
ciency of the emulsion method in estimating both electron abun- 
dances and energies. 

The results are summarized in Table I, where the gamma-ray 
energies are probably accurate to about 5 kev. As can be seen, 
in the case of the even-even emitters, the alpha-decay in every 
case divides between the ground state and one higher energy level 
of the daughter nucleus. Since the conversion coefficient for the 
gamma-ray seems to be high for all such daughter nuclei of the 
even-even type where this has been measured, it seems reasonable 
to assume that the percentages of conversion electrons listed in 
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Table I correspond essentially to the percentages of the alpha- 
decays to the level above the ground state. For all the even-even 
nuclides both the low and high energy alpha-particle groups obey 
the relationship between energy and half-life quite well; that is, 
neither group exhibits appreciably the hindered decay charac- 
teristic of nuclides containing odd nucleons.** On the other hand, 
each of the nuclides with odd nucleons exhibits alpha-decay to 
several energy levels with widely varying percentages; for these, 
the decay to one of the excited states is in each case less hindered 
than the corresponding decay to the ground state, in agreement 
with the view that the conditions for the assembly of the out- 
going alpha-particle can be more favorable in certain instances 
when the highest lying odd nucleon need not be included.* 

Results similar to those presented here have been reported for 
U8 &6 and Pu®’ using the same technique. 

This work will be reported in more detail in a forthcoming 
publication. 

The authors wish to express their appreciation to Dr. J. O. 
Rasmussen, Jr., for many helpful comments and to R. H. Shudde 
for considerable assistance in the alpha-counting. They also wish 
to thank Dr. B. B. Cunningham, E. H. Fleming, A. Ghiorso, R. A. 
Glass, G. H. Higgins, and L. M. Slater for provision of some of the 
isotopes used. 

* This work was performed under the auspices of the AEC. 

1 Asaro, Reynolds, and Pearlman, Phys. Rev. (to be published). 

?F. Asaro and I. Perlman, (unpublished work, this laboratory). 

3 Perlman, Ghiorso, and Seaborg, Phys. Rev. 77, 26 (1950). 

41. Perlman and T. J. Ypsilantis, Phys. Rev. 79, 30 (1950). 

5G. Albouy and J. Teillac, Compt. rend. 234, 829 (1952). 


* B. Zajac, Phil. Mag. 43, 264 (1952). 
7G. Albouy and J. Teillac, Compt. rend. 232, 326 (1951). 


Mass of V*°t 


WALTER H. Jounson, Jr. 


Department of Physics, University of Minnesota, 
Minneapolis 14, Minnesota 


(Received May 19, 1952) 


ESS and Inghram! and Leland? have found recently that 

vanadium has a naturally occurring odd-odd isotope at 
mass 50, having an abundance of 0.24 percent. Titanium and 
chromium also have isotopes at mass 50, and the question of 
radioactivity of V*° immediately arises. At least one unsuccessful 
search? for activity has been reported. One reason for the lack of 
an observable activity could be small energy differences between 
V®, Cr, and Ti*. In order to investigate the energy differences, 
I have determined the masses by the doublet method using a 
double-focusing mass spectrometer.* 

The technique used in measuring the V** doublet is the same as 
was used for other metals in this mass region. A normal vanadium 
metal sample of about 0.5 mg, was spot welded to a tungsten 
ribbon. The ribbon was then mounted in the source and heated, 
evaporating vanadium which was ionized by an electron beam. 
The comparison peak was a fragment C,H: obtained from buta- 
diene. The average of five runs yields a mass difference 


C,H. — V=683.6+1.2X 10 amu. 


Each run consisted of 10 separate doublet tracings and re- 
quired a small correction for C which was never greater than 
0.07 percent of the doublet difference. Several hydrogen mass 
doublets (C,H;— C,H) measured during the same period had an 
error less than 0.03 percent. Using H'=1.008146+3 and C” 
= 12.003842+4 we compute the mass of V® as 49.96330+ 12. 

The mass doublets C,xH2—Cr® and C,H.—Ti® were measured 
under the same experimental conditions as the doublet C§{H2—V®. 
Four runs were made for each of these doublets and the results 
obtained agreed closely with those previously found.* The new 
data combined with the old yield 


C,H, — Ti®*= 709.2740.27; 
C,H2—Cr® = 696.34+0.46. 
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These can be compared directly with the V® doublet to get the 
energy level diagram shown in Fig. 1. Because the largest error 
occurs in the V® doublet, it mattered little whether we used the 
new Ti*® and Cr* doublets alone or the combined results in making 
the energy comparisons. 


50 


T° Vat Cr 


1182 0.12 MEV 


Fic, 1. Energy differ 
ences for isobars at 
mass 50. 


239+ 012 MEV 


It is apparent that ample energy is available for decay of V™ 
to Cr or Ti®, and failure to detect this activity must be attri- 
buted to long half-life 

The writer wishes to thank Dr. A. O. Nier and Dr. T. L. Collins 
for many valuable suggestions in connection with this experiment 

t Research supported by the joint program of the ONR and AEC 

'D. C. Hess, Jr., and M. G. Inghram, Phys. Rev. 76, 1717 (1949). 

2W. T. Leland, Phys. Rev. 76, 1722 (1949). 

*A. O. Nier and T. R. Roberts, Phys. Rev. 81, 507 (1951). 


* Collins, Nier, and Johnson, Phys. Rev. 84, 717 (1951). 
§ Collins, Nier, and Johnson, Phys. Rev. 86, 408 (1952). 


Thermal Neutron Flux Measurements in Graphite 
Using Gold and Indium Foils 
E. D. KLEMA AND R. H. RitcHie 


Oak Ridge National Laboratory, Oak Ridge, Tennessee 
(Received May 5, 1952) 


HE observed activations of measuring foils in thermal 
neutron flux determinations in diffusing media must be 
corrected for the attenuation of the neutron flux in the foil and for 
the flux depression caused by the presence of the foil. In consider- 
ing these corrections, previous workers! have counted the 8~ par- 
ticles from the foils and compared their results with a correction 
obtained from diffusion theory as worked out by Bothe.? 

In the present experiments the y-rays with indium and gold 
foils were counted. The advantage of counting the y-rays rather 
than the 8 particles is that the absorption of the y’s by the 
measuring foil is a small effect, and the observed activities give 
information directly about the perturbation of the flux by the foil. 

A series of indium and one of gold foils, 14 inches in diameter 
and ranging from 1 to 5 mils in thickness, was exposed in a slot 
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Fic. 1. The circled points represent the relative saturated activities per 
unit thickness of indium foils in graphite plotted as a function of their 
thickness in mils. The errors shown are the standard errors of counting. 
The solid curve is obtained from the theory of Bothe. 


of the Oak Ridge Standard Graphite Pile in which the cadmium 
ratio as measured with indium foils is greater than 300. The foils 
were counted with a sodium iodide crystal and a 5819 photo- 
multiplier through a layer of aluminium of sufficient thickness to 
absorb all the 8~ particles. 

Figure 1 shows the saturated activity per unit thickness of the 
indium foils plotted against the thickness in mils. Figure 2 shows 
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Fic. 2. The circled points represent the relative saturated activities per 
unit thickness of gold foils in graphite plotted as a function of their thick 
ness in mils. The errors shown are the standard errors of counting. The 
solid curve is obtained from the theory of Bothe. 


the same quantity for the set of gold foils. The data have been 
normalized arbitrarily since the point at zero thickness is not 
available. The solid lines have been computed from the theory of 
Bothe. The transport mean free path of thermal neutrons in 
graphite has been taken as 2.5 cm.* 

A transport theory correction for this effect has been given by 
Skyrme.‘ For the thicknesses of foils used in these experiments, 
Bothe’s theory and Skyrme’s theory lead to essentially the same 
correction factors. 

We wish to thank Mr. D. G. Ott, who carried out the initial 
experiments. 

1C. W. Tittle, Nucleonics 9, No. 1, 60 (1951). 

?W. Bothe, Z. Physik 120, 437 (1943) 


3 Auger, Munn, and Pontecorvo, Can. J. Research 254, 143 (1947). 
*T. H. R. Skyrme (private communication). 
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MINUTES OF THE 1952 MEETING OF THE SOUTHEASTERN SECTION AT 
RALEIGH, NORTH CAROLINA, APRIL 10-12, 1952 


ieee eighteenth annual meeting of the South- 
eastern Section of The American Physical 
Society was held at North Carolina State College, 
Raleigh, North Carolina on April 10, 11, and 12, 
1952. The registered attendance was 292. A pro- 
gram of eighty-eight contributed and four invited 
papers was admirably arranged by a committee 
of which Walter Gordy of Duke University was 
chairman. The abstracts of seventy-nine of the con- 
tributed papers appear below and those of the 
remaining nine will be printed in an early issue of 
the American Journal of Physics. At the annual 
dinner, served on the Friday to 159 at the College 
dining hall, Dr. G. B. Pegram of Columbia Univer- 
sity spoke on “‘ Names and Personalities.”’ 
The other invited papers were: 


The North Carolina State Reactor. C. K. Beck, 
North Carolina State College. 

Nuclear Quadrupole Resonance in Solids. RALPH 
LIVINGSTON, ORNL. 

New Results on Positronium. MARTIN DEUTSCH, 
M.I.T. 


The section has chosen Walter Gordy of Duke 
University as its chairman for 1952-1953. Other 
officers elected were: J. H. Coulliette, University of 
Chattanooga, Vice-Chairman; Dixon Callihan, 
ORNL, Secretary; R. T. Lagemann, Vanderbilt 
University, Treasurer. New members of the Execu- 
tive Committee are: J. W. Beams of Virginia and R. 
C. Keen of Louisiana State University. W. G. 
Pollard is the retiring Chairman. 

DIxon CALLIHAN, Secretary 

Southeastern Section 

Box 247 


Oak Ridge, Tennessee 


1. Star Production by Heavy Ion Component of Cosmic 
Rays.* E. G. Birpucn Anp A. V. MAsKEt, University of 
North Carolina.—Four stars caused by heavy ions have been 
found in 24 Ilford G-5 plates exposed at about 95,000 feet. 
rhe plates were attached to a free balloon and remained aloft 
for approximately seven hours. A detailed study is being 
made of these events to determine whether plural meson pro- 
duction can be associated with them. In all four events there 
is a diffused shower of minimum ionization particles and an 
attempt will be made to associate these particles to the recent 
Fermi theory on multiple meson production. In regard to this, 
histograms will be given plotting minimum ionization particles 
versus angular deviation from the incoming heavy ion direc- 
tion. Analysis will attempt to show whether the event is due 
to evaporation alone or whether a single nucleon-nucleon 
interaction is responsible for the diffused shower. 


* Supported by the AEC. 


2. Statistical Study of Star Formation in Photographic 
Emulsions.* F. B. BRown, Jr., AND A. V. MASKET, Univer- 
sity of North Carolina.—A study is being made of the distribu- 
tion of over 2000 nuclear stars in a set of Ilford G-5 plates 
exposed for 6} hours at 85,000 feet. A statistical analysis indi- 
cates random distribution of stars between the 12 plates 
scanned, but the distribution on each individual plate appears 
to be not of random character. The application of the Chi 
Square test to these plates indicates a tendency of the smaller 
stars to be grouped in clusters. A graph of number of stars 
versus number of prongs shows an exponential decrease, with 
a break in the slope near the 6-prong stars. Work is now being 
undertaken to determine if this surplus of small stars, together 
with their anomalous grouping, can be explained on the 
assumption that many of the non-ionizing particles emitted 
in the formation of a star may themselves create nearby 
secondary stars. 


* Supported by the AEC. 


3. Production of Charged Pions by Protons on Carbon and 
Other Nuclei. M. M. BLock, Duke University, AND S. PAss- 
MAN AND W. W. Havens, JR., Columbia University.—The 
energy distribution of charged pions emitted at 90° from 
carbon and heavier nuclei bombarded by protons have been 
calculated, assuming that the meson is formed in a nucleon- 
nucleon encounter and carries off the maximum available 
kinetic energy. The calculations, similar to those previously 
described,'! were made assuming various energy dependences 
and angular distributions for the matrix elements. The spectral 
shape also depends on the momentum distribution of the 
target nucleons. In the case or carbon, three momentum dis- 
tributions were tried: (a) Fermi, (b) Chew-Goldberger, (c) 
Gaussian. The results were arbitrarily normalized to the 
experimental 90° carbon x* cross section for 381—Mev protons.? 
The best fit was obtained using the Gaussian distribution 
and energy dependent matrix elements. The calculated spec- 
tra, using the Fermi distribution, were compared to experi- 
mental Cu and Pbx* data* for 381-Mev protons, and gave 
reasonable agreement. The calculations did not fit the nega- 
tive pion data. 

1 Passman, Block, and Havens, Phys. Rev. 83, 167 (1951). 


? Block, Passman, and Havens, Phys. Rev. 83, 167 (1951). 
3M. M. Block and S. Passman, thesis, Columbia University (1951). 


4. Thin Wall Geiger Counters for Research on the Soft 
Component.* FRANK E. KINARD, University of North Caro- 
lina.—A successful technique for constructing large Geiger 
counters, suitable for studies of the extreme soft component of 
cosmic radiation, has been developed. The counters, which 
have aluminum wall thicknesses of 0.011 g-cm~, have two-inch 
diameters and active lengths of 20 inches. They are filled to a 
pressure of 78 cm of mercury with a gas mixture consisting 
of 99 percent helium and 1 percent isobutane. The measured 
cosmic-ray inefficiency of the counters is very small and may 
be accounted for by dead-time considerations. Diffusion of 
the counter gas through the walls was reduced by painting 
the walls with a very thin coat of Glyptal. A sample counter, 
tested eight months after its construction, was found to have 
undergone a threshold voltage increase of 8 percent and a 
20 percent decrease in plateau length. Construction details 
will be discussed. 


* Assisted by a grant in aid from the Carnegie Foundation. 


168 





AMERICAN PHYS 

5. Ionization Losses of Fast Mu-Mesons in Gases.* ]. E. 
KUPPERIAN, JR.,f AND E. D. PALMATIER, University of North 
Carolina.—A measurement has been made by means of a 
Geiger counter telescope, lead absorbers, and proportional 
counters of the ionization energy losses of mu-mesons with 
energy greater than 160 Mev. Two gas mixtures were used 
in the proportional counters, the first containing 97 percent 
argon and 3 percent COs, the second containing 94 percent 
argon and 6 percent ethylene. The range and pulse-height 
outputs from the proportional counters were recorded for 
each particle and the distribution in pulse height for each 
range group analyzed. With both gas mixtures an increase in 
mean pulse height was observed with increasing particle range, 
which agreed very closely with the energy loss theory of Bethe, 
Bloch, and William as modified by Landau! to account for 
fluctuations in the energy loss. 

* Assisted by the program of the AE c. 


t Now on active duty with the A: B 
1L. Landau, J. Phys., U Tx, 


Yon (1944). 

6. A Decoherence Curve Investigation of ‘Narrow Air 
Showers” in Cosmic Rays.* W. E. Haisey, JR., University 
of North Carolina,—Contrary to predictions based on the 
Moliere theory of the lateral distribution of cascade shower 
particles,! observed decoherence curves exhibit a pronounced 
rise for counter separations less than one meter. Some in- 
vestigators® * have explained this effect by postulating ‘‘narrow 
air showers,’’ distinct both from extensive air showers—new, 
old, or normally developed—and from air pairs of mesons 
and knock-ons. A new observations has been made 
which throws doubt on this explanation. Two relatively 
narrow-angle telescopes, of three counters each, were used 
at Mt. Mitchell (1890 meters), to obtain a decoherence curve, 
which is flat for separations as small as 17 centimeters. 
Further investigations, now under way at Chapel Hill, will 
be discussed. 


set of 


* Assisted by the program of the AEC. 
1G. Moliere, Chapter 3 in Heisenberg, Cosmic Radiation (Dover Publica- 
tions, New York, 1946 
A. Alichanian and T. 
aj. B. N. Wei and C, ¢ 
preceding articles 


Ss. S 


Rev 


R 9, 
80, 


(1945). 
1950), 
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480 
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. Montgomery, and 


7. Decay of Negative Mu-Mesons in Silicon Carbide. 
LeConte CatuHey,* University of North Carolina. (Introduced 
by E. D. Palmatier).—Owing to a high probability of capture 
by nuclei, negative mu-mesons stopped in an absorber decay 
with an apparent mean life which decreases with increasing 
atomic number! of the absorber. Wheeler has shown that the 
capture probability varies as the fourth power of the atomic 
number.? We have measured the mean life of silicon contained 
in SiC by means of a magnetic lens and telescope system 
similar to that used by Ticho.* After correcting for the 
presence of carbon and a small amount of oxygen present as 
impurity, we obtain an observed mean life of (0.60+0.09) 
microsecond which agrees with the expected value of 0.65 
microsecond obtained from interpolation of Wheeler's predicted 
results. 


Delaware 
1947 


* Now at the duPont Laboratories, W erinaton. 
1 Conversi, Panicini, and Piccioni, Phys. Rev. 71, 209 ( 
2 J. A. Wheeler, Phys. Rev. 71, 320 (1947). 
7H. K. Ticho, Phys. Rev. 74, 1337 (1948). 


8. Zenith Angle Dependence of Extensive Air Showers.* 
James P. PARKER, University of North Carolina. (Introduced 
by E. D. Palmatier.)—Equipment sensitive to the zenith 
angle dependence of extensive air showers has been developed 
and measurements made at 500 and 6200 feet above sea 
level. Calculations of the zenith angle dependence based on 
present shower theory! have been made for various altitudes 
and shower particle densities. Comparisons between the ob- 
served results and the theoretical cnteuietens will be discussed. 


* Assisted by the program of the AEC 
1 B. Rossi and K. Greisen, Revs. Modern Phys. 13, 240 (1941). 
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9. On the Existence of a Hidden Transition in Biphenyl 
and Anthracene.* ANNELIESE WENZEL, Duke University. 
(Introduced by H. Sponer).—It was suggested by Platt! that 
biphenyl! has a hidden transition which is masked by the strong 
band at 2480A. It is possible to find more arguments support- 
ing this suggestion, and also to locate the transition approxi- 
mately and roughly to estimate its intensity. This was done 
(1) by comparing the spectra of benzene, biphenyl, p-ter- 
phenyl, and p-quarterphenyl, (2) by comparing the spectrum 
of biphenyl with the spectra of 8-phenyl-pyridine, 8-8’-bi- 
pyridyl, and 3-3’-dioxybiphenyl. Supplementary arguments 
may be obtained for the existence of a similar hidden transition 
in anthracene which had been suggested by Sponer and Nord- 
heim? and Klevens and Platt! and which corresponds to the 
weak sharp naphthalene transition at 3100A. Its location 


and its intensity may be roughly estimated by comparing the 
absorption curves of the pairs benzene and aniline, naphtha- 
lene and 8-naphthylamine, anthracene, and 8-anthramine. 


* Supported by the ie 

1H. B. Klevens and J. Piatt, J 
Platt, J. Chem. Phys. 19 on (1951 

2H. Sponer and G. Nordheim, in ONR Annual Report 


17, 470 (1949); J. R 


1948. 


Chem. Phys. 
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10. Near Ultraviolet Absorption Spectra of 1,4 CoH,(CFs)2 
and 1,3,5 C.H;(CF,);. C. D. Cooper ANp F. W. NogGEL, 
University of Georgia.—The vapor absorption spectra of 
1,4 CeH4(CF3)2 and 1,3,5 CsH3(CFs)3 have been obtained 
with a Bausch and Lomb Littrow spectrograph, and the 
corresponding solution spectra were obtained with a Beckman 
DU spectrophotometer. The maximum absorption coefficient 
of the para-compound is about 1000, while for the 1,3,5 com- 
pound it is only 200. Both vapor spectra are diffuse with the 
bands of the 1,3,5 compound exhibiting extreme diffuseness. 
The O,O band of the 1,4 dis-(trifluoromethyl) benzene is 
located at 37460 cm™ and bands corresponding to upper 
state frequencies of 210, 540, 770, and 1020 cm™ have been 
measured. Progressions and combinations involving the 
210, 770, and 1020 cm™ frequencies are observed. Weak bands 
that occur on the red side of the O,O band are associated with 
the totally symmetric ground-state vibrations of 240 and 
1070 cm™. Interpreting the 1,3,5 tris- (trifluoromethyl) ben- 
zene spectrum as a so-called forbidden one, the strong band 
at 38670 cm™ is chosen as the O,1 band. Diffusiveness of the 
spectra and lack of Raman data prevent an accurate calcula- 
tion of the O,O band, but the position of the O,1 band indicates 
that this spectrum shifts toward the violet relative to the 
benzene spectrum. 


11. The Near Ultraviolet Absorption Spectra of Some 
Halogenated Pyridines in Liquid Solution. Haroip P. 
STEPHENSON, Duke University. (Introduced by H. Sponer). 
The near ultraviolet absorption spectra of 2- and 3-fluoro- 
pyridine and 2- and 3-bromopyridine have been measured 
in iso-octane solutions and 95 percent ethyl alcohol solutions 
with a Beckman spectrophotometer. The spectral region 
covered was from 220 mu to 300 my. It has been found that 
there are two electronic transitions in this region in the case 
of 3-fluoropyridine and 3- er pny Acahnemes but only one transi- 
tion for 2- fluoropy ridine and 2-bromopyridine. The transition 
which is missing in the latter substances is an n-x* transition 
arising from the nonbonding electrons of the ring nitrogen. 
The experimental evidence for these statements lies in the 
fact that the n-x* transitions are strongly affected by the 
nature of the solvent. With the use of slides it will be shown 
that certain characteristic solvent effects clearly present with 
the 3-substituted compounds are not present with the 2-sub- 
stituted compounds. 


12. The Raman Spectrum, Structure, Force Constants, 
and Calculated Thermodynamic Properties of Bromine 
Pentafluoride. CHARLES V. STEPHENSON AND ERNEST A. 











170 ERICAN 
Jones, Vanderbilt University —The Raman spectrum of liquid 
bromine pentafluoride has been investigated using the mercury 
lines at 4047A and 4358A for the exciting radiation. These 
data and the studies on the infrared spectrum! indicate that 
BrF; is a tetragonal pyramid. The nine Raman lines, three 
of which are polarized, have been assigned to the fundamental 
vibrations of the Cy, molecule. Force constants have been 
calculated by Wilson’s FG matrix method. The thermo- 
dynamic properties have been calculated assuming the rigid 
rotator, harmonic oscillator approximations 


iT. G. Burke and Ernest A. Jones, J. Chem. Phys. 19, 1611 (1951). 

13. The Infrared Absorption Spectrum of Liquid Stearic 
Acid. Scotr Barr, University of Alabama.—Stearic acid 
is in the solid state at room temperature, since its melting 
point is 69.4°C, Owing to the waxy nature of the substance, a 
paraffin oil mull is not practical. Also, when the acid was 
melted and mixed with hot paraffin oil, the mixture when 
cool proved to be highly scattering and of an unsatisfactory 
For the mixture to be reasonably liquid at room 
temperature, it was found that the concentration of the stearic 
acid had to be undesirably small. Some measurements were 
taken by using a cell assembly which was heated just before 
being placed in the spectrometer, but the thermal capacity 
was so low that reheating had to be done frequently during 
the run. In view of these experiences, it was decided to 
prepare an electrically heated cell. By the use of this cell, 
preliminary measurements of the spectrum of liquid stearic 
acid have been made. While this method has given some 
results, experimental difficulties still exist which have pre- 
vented the obtaining of completely satisfactory spectra. 
\lthough the spectrometer (Perkin-Elmer 12C) uses a modu- 
lated light beam, the radiation from the hot cell itself makes 
the output signal extremely unsteady. It is hoped, however, 
that modifications of the heated cell and improved technique 
will make possible the measurement of some of the numerous 
materials which are fats or waxes at room temperature, but 
which have relatively low melting points, without having to 
study them in the form of solutions. 


consistency 


14. Infrared and Raman Spectroscopic Study of Trifluoro- 
acetic Acid (CF;COOH).* Mari£-LOUISE JOSIEN AND NELSON 
Fuson, Fisk University, ERNEST JONES, Vanderbilt University, 


Lawson, Tennessee A & I State University. 
acid has been studied by means of infrared 
and Raman spectroscopy. The OH stretching and C=O 
stretching absorption bands each were resolved into two 
components, the higher frequency component corresponding 
to the vibration of the monomer, the other one to the vibra- 
tion of the associated molecule. The location of the free C=O 
band has been found at 1826 cm™ in the vapor state and at 
1810 cm™' in CCl, solution. This is the highest frequency 
reported as far as we know for a carboxylic acid. Other minor 
carboxylic bands will also be discussed in the light of recent 
work.'-* Band assignments have been made for some of the 
CF; vibrations on the basis of additional experimental work 
as well as of literature references on related molecules.* * 


AND JAMES R 
lrifluoroacetic 


* This research was supported in part by a Frederick Gardner Cottrell 
grant from the Research Corporation. 
!O. Thomas, Disc. Faraday Soc. 9, 335, 339 (1950). 

M. St. C. Flett, J. Chem be (London) 962 (1951) 

LD. Hadzi and N. Sheppard, ‘‘The assignment of the infrared frequencies 
af the COOH group in c arboxylic acid dimers,” paper ge at the Inter 
national Meeting of Spectroscopists in Basel, Switzerland, June 28-30, 1951 

‘ Ce owan, Herzberg, and Sinha, J. Chem. Phys. 18, 1538 (1950). 
§ Nielson, Classen, and Smith, J. Chem. Phys. 18, 1471 (1950 
*H. Schechter and F. Conrad, J. Am. Chem. Soc. 72, 3371 (1950) 


15. Infrared Spectroscopic Studies of the Carbonyl Vibra- 
tion in Polycyclic Quinones: II. Influence of Fused Benzene 
Rings.* Mari&-Louisre JosIEN, NELSON FUSON, AND JEANNE- 
Marit Lesas, Fisk University —In order to broaden the 
background of our study of the relationship betveen the 
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carbonyl stretching vibration in polycyclic compounds and 
molecular structure! an infrared spectroscopic study of eight 
paraquinones and six orthoquinones has been made in dilute 
carbon tetrachloride solution. It has been found that succes- 
sive additions of fused rings onto parabenzoquinone in a 
straight line (i.e., for the series 1,4-benzo, 1,4-naphtho-, 9,10- 
anthra-, naphthacene- and 2,3,6,7-dibenzanthra quinone) in- 
crease the carbonyl frequency while, in contrast, rings added 
off the molecular symmetry axis depress the frequency. The 
relation observed between the oxidation reduction potential 
and the carbonyl frequency is also of particular interest. 
The theoretical significance of these results will be discussed.? 

* This investigation has been supported by a grant from the National 
Cancer ee U.S. Public Health Service. 

1M. L. Josien and N. Fuson, Bull. Soc. Chim. France (to be published). 


2 Pulm an, Berthier, and Pullman, Bull. Soc. Chim. France 15, 450 
(1945). (This paper includes a survey of this question.) 


16. Infrared Spectroscopic Studies of the Carbonyl Vibra- 
tion in Polycyclic Quinones: I. Influence of Substituents. * 
NeLson Fuson, Marie-Louise JOsIEN, AND THomas M. 
GREGORY, JR., Fisk University.—Although many _ spectro- 
scopic studies! have been made on the carbonyl stretching 
vibration, the influence upon this vibration of the structure of 
the rest of the molecule is still not well understood. This is 
particularly true of polycyclic compounds containing the 
carbonyl group. In order to contribute to the clarification of 
this problem an infrared spectroscopic study in carbon tetra- 
chloride solution has been made of the C=O frequency in 
several sets of substituted polycyclic quinones. It was found 
necessary to do the work in dilute carbon tetrachloride 
solution in order to avoid intermolecular effects which shift 
the band position from the “‘free’’ position by an unpredictable 
amount. Electron attracting substituents were found to in- 
crease the frequency while electron repelling substituents 
had the opposite effect. The study of oxidation-reduction 
potentials made on these compounds by Fieser? was compared 
with the spectroscopic data. Within each set the carbonyl 
frequency was found to be an increasing function of the oxida- 
tion-reduction potential. 

* This investigation has been supported by a grant from the National 
Cc arcet poate U.S. Public Health Service. 

. Josien and N. Fuson, Bull. Soc. Chim. France (to be published). 
This re fe rence contains a bibliography on this subject. 

? L. Fieser, J. Am. Chem. Soc. 57, 493 (1935) and previous Fieser papers 

in the same journal 


17. Negative Metastable Ions.* B. L. DoNnNALLy, J. B. 
Dozier, AND H. E. Carr, Alabama Polytechnic Institute.— 
The negative ions formed from ethyl dichlorophosphate by 
electron impact have been investigated with a Nier-type mass 
spectrometer equipped with a Winn-Nier source. When the 
pressure in the spectrometer tube was high (approximately 
2X10-* mm Hg) broad peaks at non-integral mass numbers 
were observed in addition to the usual isotopic spectra. These 
diffuse peaks are interpreted to be metastable transitions 
similar to those reported by Hipple, Fox, and Condon.! 
The masses corresponding to the major metastable transition 
peaks are tabulated along with the probable transitions in- 
volved. The intensities are given for an electron energy of 
65 volts and are normalized so that the total contribution of 
the PO.CI~ ions is 100. 

Apparent Mass Transition Intensity 
12.5, 13.7 >OxCI- +Cl- + POz 2.4 
39.7, 40.5 >O2Cl--»PO2- +Cl 3.8 
58.6, 59.3, 


60.3, 61.0 C2HsChePO2- ~PO2CI~ +C2HsCl 4.9 


* Supported by the AEC. 
1 Hipple, Fox, and Condon, Phys. Rev. 69, 347 (1946). 


18. Some Characteristics of X-Ray Excited Phosphores- 
cence of Calcite. JouN AUXIER AND Guy ForMAN, Vanderbilt 
University—The crystals studied were cleaved sections of 
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polished natural calcite. For a given specimen before x-irra- 
diation, the percentage of optical transmission was measured 
and found to be a constant for wavelengths throughout the 
visible spectrum. Upon exposure to high intensity soft x-rays 
the optical transmission decreased rapidly for the short wave- 
lengths, but did not change for the longer wavelengths. The 
x-irradiation was continued until the optical transmission 
ceased to change. This was considered as color saturation. 
The relative intensities of the phosphorescence of calcite were 
found to decrease with continued dosage and coloration. 
With the equipment used it was possible to measure the light 
emitted, in arbitrary units, for periods of 192 hours for some 
specimens, and to detect the radiations for much longer 
periods. 


19. Preliminary Design and Performance of a Fast High 
Resolution Echelle Spectrograph. P. M. Grirrin, R. A. 
Lorinc,* G. K. WERNER, AND J. R. MCNALty, JR., Oak 
Ridge National Laboratory.t—A 200 lines per inch Bausch and 
Lomb echelle grating has been crossed with a glass littrow 
prism spectrograph using an external mounting. An 8-inch 
diameter, 2-meter focus, concave, spherical mirror serves as 
echelle collimator. Maximum brightness is obtained in the 
416th order of the 5461 mercury line. Dispersion is 0.47A/mm, 
resolving power approaches 300,000, and relative aperture 
about f/35. Speed is such that in 10 seconds the Zeeman 
patterns at 25,000 gauss of the zinc triplet, 4680, 4722, 4810A, 
are well exposed on Eastman 103AF(3) plates using a 2- 
ampere arc between brass electrodes. Some preliminary 
results will be shown of hyperfine structures, isotope shifts, 
and Zeeman effects in spectra of mercury, zinc, iron, copper, 
uranium, rhodium, and possibly others. 

* Research Participant, University of Louisville 

t This paper is based on work performed for the AEC by Carbide and 


Carbon Chemicals Company, a Division of Union Carbide and Carbon 
Corporation, Oak Ridge, Tennessee. 


20. On the Generation and Storage of Radioactive Gases 


from Intermittent Reactor Operation. RayMonp L. Murray, 
North Carolina State College.—Solutions are obtained for the 
differential equations governing the accumulation, decay, 
and release of the permanent gaseous fission products of 
nuclear reactor operation over a fixed fraction of each day. 
A conservative concentration attenuation factor for use in 
estimating safe levels of discharge to the atmosphere is 
derived for three storage configurations: (a) A single long 
tube through which air containing the active gas flows with 
a minimum of mixing. (b) A sequence of vessels. (c) One 
large vessel with complete mixing. A relation applicable to all 
three geometries is: 


(1+AV/on)™ 


with the decay constant, V the total volume, v the daily 
rate of air flow, and m the number of containers. The limit of 
this expression as m increases indefinitely describes the single 
pipe. 


21. Electrical Analog for the Radioactivity of the Primary 
Fission Products with Intermittent Reactor Operation. W. O. 
Doccett, North Carolina State College. (Introduced by New- 
ton Underwood).—-When a reactor is operated on a repetitive 
cycle of A hours on at a constant power level and B hours off 
in each 24 hours, the radioactivity of a primary fission product 
as a function of time can be described by two differential 
equations, one for each portion of the cycle. A continuous solu- 
tion of these equations can be provided graphically by a simple 
electrical analog computor. The differential equations which 
describe the radioactivity are identical to the differential 
equations which describe the voltage across a capacitance in 
a series resistance circuit to which a square wave voltage is 


applied. 
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22. Application of High Rotational Speed Techniques to 
Low Density Gas Dynamics.* A. R. Kus_tuavu, University 
of Virginia. (Introduced by J. W. Beams).—Previous experi- 
mentst have demonstrated the feasibility of using a high 
rotational speed concentric cylinder apparatus for the study 
of viscous effects in a rarefied gas. The inner cylinder was 
rotated at very high speed by means of an air turbine arrange- 
ment, similar to that used in an air driven vacuum type 
ultra-centrifuge. The outer cylinder completely surrounded 
the inner cylinder and was supported coaxially with it so as 
to constitute a torsion balance. This complete encirclement of 
the rotor gave use to undesirable boundary conditions due 
to the rotor ends which added complications to a theoretical 
analysis of the system. Refinements in the apparatus will be 
described and results will be presented which establish a 
technique for eliminating these end effects. 

* The experiments described were performed in part at the University 
of New Hampshire under sponsorship of Office of Naval Research and in 


part at the University of Virginia under sponsorship of Contract NOrd-7873. 
tA. R. Kuhithau, J. Appl. Phys. 20, 217 (1949). 


23. Anomalous Osmotic Pressures of Polymer Solutions 
as Measured in a Metal Membrane Osmometer. Txos. A. 
Barr, JR., University of Georgia.—Previous work with etched 
silver membranes has been reported by Skinner! and Mat- 
thews;* the former dealt with the determination of pore sizes 
in the membranes and the latter with osmotic pressure as 
observed in certain chemical systems. Further analysis of 
Matthews’ data shows that the O. P. on the silver membranes 
varies directly with the molecular weight instead of inversely, 
as would be expected if the Van’t Hoff law held. Analysis of 
polymer solutions by Huggins’ and Flory‘ gives a power 
expansion for O. P. in terms of concentration of solute. This 
expansion reduces to the Van't Hoff law at zero concentration. 
An analysis of available data, extrapolation to zero concen- 
tration shows a single constant for the leading term in the 
Flory expansion of O. P. instead of RT/M as is predicted. 
The second term is an increasing function of molecular weight. 
A possible explanation for this variation may be found in the 
assumption that streaming and diffusion effectively lower 
observed O. P., these effects being more predominant in low 
molecular weight polymer solutions. 

'W. C. Skinner, Studies in ultrafiltration with metal membranes 
Unpublished Ph.D. dissertation, Department of Physics, Vanderbilt Uni- 
versity, 1949. 

*D. E. Matthews, 
Unpublished Ph.D. 
bas a Rig 1951. 


Huggins, New York Academy of Science Annals 43, 1 (1942) 
oP m3 Flory, J. Chem. Phys. 10, 51 (1942). 


A study of the semipermeability of silver membranes. 
dissertation, Department of Physics, Vanderbilt 


24. Mass Spectrometer Studies of High Vacuum Materials. 
Joun R. Sires and Russe_t BaLpock, Oak Ridge National 
Laboratory.—Data will be presented concerning the most 
abundant ions observed in a mass spectrometer upon heating 
materials commonly used in high vacuum work. Materials to 
be reported on will include Teflon, silicone rubber, and octoil-S 
diffusion pump oil. 


25. An Approximate Solution for the Pressure Distribution 
Over a Flat Plate Airfoil at Free Stream Mach Number One. 
RoBert WESLEY Truitt, Virginia Polytechnic Institute.— 
This paper presents for the first time an approximate solution 
for the pressure distribution over a thin flat plate airfoil at 
free stream Mach number one. The problem is essentially one 
of mixed subsonic and supersonic flow; the upper surface 
being in pure supersonic flow, the lower surface pure subsonic 
flow. Solution of the lower surface pressure distribution is 
made by application of a new subsonic pressure coefficient 
equation which gives a continuous solution for free stream 
Mach number one in an over pressure region. The upper sur- 
face pressure distribution is accomplished by a new explicit 
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equation that gives a continuous solution at free stream 
Mach number one in an expanding flow region. There is no 
existing experimental or theoretical data with which to com- 
pare the accuracy of the results. However, the new equations 
for the upper and lower surfaces have been found to agree 
with existing pure supersonic and pure subsonic flow data, 
respectively. These comparative data are presented and dis- 


cussed in the paper. 


26. A High Temperature, Economical, Infrared Oven. 
RicHARD B, BELSER, Georgia Institute of Technology.—A high 
temperature, economical, infrared oven that may be devised 
from simple materials by any teacher or research worker is 
described. It consists essentially of a one-liter beaker, coated 
on its inner surface with a reflecting material such as evapor- 
ated gold or aluminum foil, and a single 250-watt infrared bulb. 
The latter is supported by means of a clamp and stand, and 
faced directly into the similarly supported beaker. Tempera- 
ture control is achieved by means of a variable voltage supply 
to the filament. A temperature of 870 degrees Centigrade was 
obtained, as recorded by a calibrated thermocouple, before 
failure of the bulb. Temperatures in the range of 50°-650°C 
appear feasible. Heating time to 600°C is less than five 
minutes. This oven has been found extremely useful as a 
research tool and for the demonstration of certain properties 
of radiated heat 


27. Yield Strength of Mild Steel Under Impulsive Loading. 
PuRNER E. ParDUE, Naval Research Laboratory.—Clark and 
Wood! have shown that mild steel will elastically support, for 
a short time, a load larger than the static yield value. Thus, 
under impulsive loads, yield will occur at stresses larger than 
the normal static yield stress. One of the Navy shock machines 
has been utilized in applying dynamic loads to tensile speci- 
mens of mild steel. Records were taken showing stress and 
strain time and stress versus strain. The stress-time 
curve was essentially sinusoidal previous to yielding. Strain 
rates in the range of 1 to 50 sec”! were obtained, with yield 
values greater than 3 times the normal static yield strength 
at the highest strain rates. 


versus 


Clark and Wood, Proc. Am. Soc. Testing Materials 49, 717-737 (1949). 

28. The Microwave Spectrum of Vinyl Cyanide.* W. S. 
Witcox, J. H. GoLpsTEIN, AND JAMES W. Simmons, Emory 
Unwersity.—The rotational spectrum of vinyl cyanide has 
been observed in a microwave spectrograph of the Stark- 
effect type. The five lines comprising the J = 2—>3 group were 
found at the following frequencies: 


Observed frequency 
28,441.0 Mc 


, 


28,456.6 
28,.471.4 


3 
+3 
“3 
3 
3 


No hyperfine structure was observed in the Stark spectro- 
graph, but a partial resolution of the last two transitions listed 
was obtained in a direct absorption spectrograph. Preliminary 
calculations, neglecting nuclear quadrupole effects arising from 
the ' nucleus, yield the following spectroscopic constants: 
a=49,145 Mc, 6=4971 Mc, c=4514 Mc and x= —0.9795. 
rhe observed relative intensities and their temperature coeffi- 
cients are in accord with the assignments given. For several of 
the transitions a quantitative study of the Stark effect has 
been made 


* The work here reported was 


University Center in Georgia 


supported in part by a grant from the 


29. Microwave Spectrum of Vinyl Iodide. H. W. MorGan 
AND J. H. GoLpsTtEIN,* Oak Ridge National Laboratory.t—The 
J=3 to 4 and J=4 to 5 transitions of the asymmetric rotor, 
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vinyl iodide, have been investigated using a Stark modulation- 
type microwave spectrometer. From accurate frequency 
measurements of the J; =3_, to 4-2 and J, =3_2 to 4_3 hyper- 
fine patterns, approximate values of the quadrupolar coupling 
parameters xaa and ybb were determined by first-order 
theory as — 1590 mc and +565 me, respectively. The corrected 
frequencies for these transitions yield the following values 
for the rotational constants, A =52,295 mc, C=3067 mc, and 
K = —0.992. The hyperfine patterns of the J;=4_2 to 5_; 
and J,=4_; to 5_, transitions are being studied, and the 
above parameters are being re-evaluated with second-order 
theory. 

Emory University 

work performed for the AEC by Carbide and 


a Division of Union Carbide and Carbon 


lfennessee 


* Consultant 
t This paper is based on 
Carbon Chemicals Company 
Corporation, Oak Ridge 


30. Dipole Moments of Several Molecules from Their 
Microwave Spectra.* S. N. Guosu, R. TRAMBARULO, AND 
WALTER Gorpy, Duke University.—Dipole moments of several 
molecules have been determined from the second-order Stark 
splittings of their rotational transitions. The molecules and 
their dipole moments in Debye units are as follows: POFs, 
1.77+0.02; PFs, 1.0340.01; CHFs, 1.64+0.02; CH;CF;, 
2.27+0.04; CH;F, 2.07+0.02; CHsCCH, 0.75+0.01; CH;CN, 
3.92+0.06; SiF;H, 1.26+0.01. These values are relative to 
the OCS dipole moment, which is assumed to be 0.7085 Debye 
unit. Hyperfine structure in CHsCN is neglected as the nitro- 
gen atom has a small coupling of —4.35 Mc/sec. The moments 
of the first four molecules have previously been determined 
and are in good agreement with our results. 


* This work was sponsored by the Air Force Cambridge Research 


Laboratorie 


31. Microwave Investigations of HSiCl; and CH;SiC1,.* 
RICHARD MOcCKLER,+t Jer H. BAILEY, AND WALTER Gorpy, 
Duke Unwersity.—Several rotational transitions of these mole- 
cules have been measured. The Bo values in Mc are 2163.40 
for HSiCl;*; 2346.07 for HSiCl;; 1608.94 for CH,SiCl;*; 
1699.79 for CH,SiCl,;*?. The dimensions obtained for HSiCl; 
are <CISiCl=109° 26’ and dgsic: =2.020A with dsin assumed 
to be 1.50A. Other isotopic combinations are being measured 
so that more complete structural information can be obtained. 

* This work is supported by a grant from the Research Corporation 


and Air Force Cambridge Research Center 
t Texas Company Fellow 


32. A Simple Stark-Modulation Microwave Spectrograph.* 
R. F. TRAMBARULO AND C. F. Luck, Duke University.—A 
Stark-modulation recording microwave spectrograph which 
employs a 30-cps mechanical square-wave modulator is de- 
scribed. Either a parallel plate cell or the conventional 
Hughes-Wilson type may be used as the absorption cell. 
Ihe square wave is produced by means of a switch actuated 
by a synchronous motor. The detection system consists of 
either a crystal or a thermal detector followed by a narrow- 
band 30-cps amplifier and lock-in detector. This type of 
spectrograph readily lends itself to precision dipole-moment 
measurements from the Stark effect, because of the inherently 
good wave form of the modulating square wave, or to line- 
shape studies. 


* Supported by a contract with Air Forces Cambridge Research Labora 
tories 


33. A Molecular-Beam Modulation Microwave Spectro- 
gtraph.* CLARENCE F. LucK AND WALTER Gorpy, Duke 
University.—A microwave spectrograph has been designed 
for measurements on substances which must be heated to very 
high temperatures, ~1000°C, to obtain a significant vapor 
pressure. The principle of operation of the spectrograph is the 
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mechanical interruption of a beam of molecules which are 
sprayed from a hot oven across the path of the microwave 
radiation and are collected on a cool surface. A phase lock- 
in amplifier is tuned to the frequency of interruption of the 
beam and the output displayed with a conventional pen and 
ink recorder. To avoid low frequency noise in crystals a 
thermal detector is used. The frequency of the oscillator is 
swept with a slow mechanical tuner in the usual way. In the 
system now under construction the molecules are sprayed 
between transmitting and receiving horns which are enclosed 
in an evacuated container. Because the molecules are moving 
in the same direction across the radiation field, pressure 
broadening and Doppler broadening are reduced. Also, be- 
cause the lifetime in the rotational states is of the order of 
the transit time, saturation effects are minimized by the 
constant supply of new molecules. 


* Work sponsored by Air Force Cambridge Research Center, Cambridge 
Massachusetts. 


34. Electron in One-Dimensional Field. NATHAN RosEN, 
University of North Carolina.—In order to learn more about 
the transverse self-energy of the electron and to see to what 
extent the divergences arising in the calculation of this energy 
are inherent in the problem, and not due to the perturbation 
calculation, the case of an electron in a one-dimensional 
quantized electromagnetic field has been treated. The electron 
is described by a Dirac wave equation for motion along the 
x-axis. The electromagnetic field consists of transverse waves 
traveling along the x-axis. The Schroedinger equation for the 
combined system can be put into a form like that for a system 
of coupled oscillators and a solution obtained. It is found 
that the interaction energy is still divergent, becoming infinite 
like the square root of a logarithm. 


35. On Spin-Orbit Coupling and the Nuclear Shell Model. 
EuGEN MERzZBACHER, Duke University.—The effect of a 
strong spin-orbit interaction between pairs of nucleons on the 
energy levels of nuclei containing one nucleon outside a shell 
was discussed by Blanchard and Avery,' and by Hughes and 
Le Couteur.? These calculations were extended, particularly 
with the aim to include the singular potential 42 suggested 
by Case and Pais.* The numerical results of calculations based 
on various assumed elementary wave functions will be re- 
ported. It will be shown in agreement with reference 2 that 
there is consistency between the strength of the spin-orbit 
interaction needed for the empirical value of the splitting of 
energy levels and that which is required to account for high 
energy scattering data on the basis of such an interaction. 
However, the conclusions suffer from an ambiguity introduced 
by a strong dependence of the splitting on the parameters 
entering the problem. 

'C. H. Blanchard and R. Avery, Phys. Rev. 81, 35 (1951) 

2 J. Hughes and K. J. Le Couteur, Proc. Phys. Soc. (London) A63, 1219 
sn 
m~ M. Case and A. Pais, Phys. Rev. 80, 203 (1950) 

36. Magneto-Hydrodynamic Waves. M. S. STEINBERG,* 
University of North Carolina. (Introduced by Nathan Rosen). 

The equations for magneto-hydrodynamic waves in a con- 
ducting fluid, first proposed by Alfvén,' are investigated under 
various conditions. The solution of these equations for the 
case of a uniform external magnetic field, obtained by Lund- 
quist? in connection with his experiments on waves set up in 
mercury in a cylindrical container, is re-examined, and his 
calculations are extended and made more accurate, so as to 
provide theoretical curves which can be compared with ex- 
perimental data. 

* Now at Naval Research Laboratory, Washington, D. C. 


1H. Alfvén, Nature 150, 405 (1942) 
2S. Lundquist, Phys. Rev. 76, 1805 (1949). 
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37. Some Static Axially Symmetric Gravitational Fields. 
J. B. Newman,* University of North Carolina. (Introduced by 
Nathan Rosen).—On the basis of the two-rod solution of 
Bach and Wey!l,' several new static, axially symmetric, solu- 
tions of the gravitational field equations of the general theory 
of relativity are obtained. The behavior of one of them is 
investigated at large distances and is found to describe the 
gravitational field of an ellipsoidal mass of arbitrary quadru- 
pole moment. 


at the Institute of Cooperative Research, Johns Hopkins Uni 


Bach and H. Weyl, Math. Z. 13, 134 (1922) 

38. On a Modification of the Potential in the Dirac Equa- 
tion. PAUL ZWEIFEL, Duke University.—The effects of modi- 
fying the transformation properties of the potential term in 
the Dirac equation are considered. The appropriate constants 
of motion are obtained, the radial equations examined, and 
their solutions discussed. Possible applications to the nuclear 
shell model will be indicated. 


39. Energy Quantization for Colliding Molecules; Applica- 
tion to Liquid Helium.* P. J. Price, Duke University.—Given 
an assembly, in a definite volume of “molecules” which 
interact with a finite and weak spherically symmetric potential 
#(r), the perturbation of the collective energy levels owing to 
the interactions may be found, to first order in the density, 
from the Rayleigh-Schrédinger formula. The result is ex- 
pressed in terms of the occupation numbers of the unperturbed 
single-particle states. The Schrédinger method is, however, 
inapplicable to real colliding molecules, because their inter- 
action potential is small in range but very large in magnitude. 
A perturbation method appropriate to this case is applied 
and leads to a generalization of the Schrédinger-theory for- 
mula, related to the latter in the same way as the Faxén- 
Holtsmark formula is to the Born approximation in collision 
theory. For example, the integral 


S®(r) cos*(k+r)d*r 
which occurs in the case of bosons is replaced by 


D(k) = — (xh? /mk); even(21+1) sin(2m,) 
n, =n,(k) =scattering phase. 


The interaction of helium atoms happens to be just too 
weak to lead to formation of a molecule, and consequently 
the function D(k) has the unique characteristic of a sharply 
defined range k ky~(200 A.U.)~'. So far as certain “structural” 
consequences of these low density results can be taken over 
for the liquid, this behavior of D(k) leads to a concept of 
“domains of order’’ in liquid helium, and to an interpretation 
of the formation and thickness of the Rollin film. 


* Work supported by ONR 


40. Lattice Vibrations and Resistivity. W. A. Bowers, 
University of North Carolina.—An attempt has been made to 
see whether the experimentally observed! deviations from the 
Bloch-Gruneisen formula for the temperature dependence of 
electrical resistivity can be understood in terms of departure 
of the lattice vibration spectrum from the Debye form. In 
certain cases fair agreement can be obtained by relatively 
simple modifications of the Debye spectrum, but in others 
the discrepancies must be attributed to the inadequacy of 
the Bloch-Gruneisen formula. We have also attempted to 
deduce the lattice spectrum from the experimental resistivity 
curves, using a method similar to that suggested by Grayson- 
Smith and Stanley* in connection with specific heat data. In 
this case, as in theirs, the spectra obtained are quite sensitive 
to slight changes in the experimental data. 


Mendelssohn, Proc. Roy. Soc. (London) 202, 103 


(1950 


1 MacDonald anc 
). 
?H. Grayson-Smith and J. P. Stanley, J. Chem. Phys. 18, 236 (1950). 
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41. Negative Hydrogen Ion Wave Functions. J. A. Pout- 
SON AND A. C. Mentus, Jr., North Carolina State College. 
Wave functions for the negative hydrogen-ion of the type! 
v= (hlrdfelrs) +filrafilre)} H(i), which contain the possi- 
bility of exchange and polarization, are used to determine the 
energy by the variation method. The effect of different terms 
on the energy is to be discussed. These data are preliminary 
results of the more general treatment of the above function 


by the variation method. 


Esther Conwell, Phys. Rev. 74, 277 (1948). 

42. Mo’, Ag" and Ba'”® Yields from Proton Induced Fis- 
sion. W. H * J. L. Fowver, Ano J. H. PAEHLER, Oak 
Ridge National Laboratory.—Stacks of foils of normal uranium 
and aluminum were bombarded at a fixed radius in the 86-inch 
proton cyclotron. By use of radiochemical techniques, the 
fission yields of Mo” and Ag"! relative to Ba were deter- 
mined as a furction of proton energy in the region of 11-18 
Mev. These three isotopes occur at the peaks and valley of 
the thermal neutron fission mass distribution. Relative yields 
were obtained in terms of known yields by performing the 
identical radiochemical analysis for thermal neutron fission 
in similar quantities of normal uranium. The energy of the 
internal cyclotron beam was found from the proton range in 
copper and the known p,m and p,2n excitation curves of Cu®. 
rhe ratio, yield Mo”/yield Ba'™, is almost constant as a 
function of proton energy and is about 60 percent higher than 
in the case of thermal neutron fission. The ratio, yield Ag" 
yield Ba’, which is taken as 0.0029 for thermal neutron 
fission,' varies with proton energy as follows: 


JONES 


11.2 41.0; 14.341.0 17.5+1.0. 


0.26 +0.02; 


7 
0.36 +0.02; 0.48 +0.03 


participant from Emory University, Emory University 


Project, Revs. Modern Phys. 18, 513 (1946) 

43. Total Neutron Scattering Cross Sections at 1.44 ev. 
L. A. RayspurN AND E. O. WoLtan, Oak Ridge National 
Laboratory.—Measurements have been made of the trans- 
mission cross sections of several elements, separated isotopes 
and compounds at the indium resonance energy (1.44 ev). 
These with a few exceptions, are believed to be 
accurate to within one percent or less. Results of the trans- 
mission measurements and details of the experimental arrange- 
ment will be given. From these transmission measurements 
accurate total free scattering cross sections can be obtained 
for those materials for which the capture cross section is 
negligible or for which the capture cross section is small and 
accurately known from pile oscillator measurements. The 
specific materials chosen for study were those for which the 
value of the total scattering cross section would be useful in a 
number of neutron diffraction and reflection problems such 
as the determination of spin dependent scattering amplitudes, 
standardization of coherent cross sections and neutron-proton 


values, 


scattering 


44. Scintillation Counter Studies of Slow Alpha-Particles. 
J. I. Hopkins anp C. N. WriGut, Vanderbilt University. 
Alpha-particles having energies of 5.3 Mev and below were 
obtained by passing the alpha particles from polonium through 
a collimating air cell. These slow alpha-particles were then 
allowed to strike an anthracene crystal at normal incidence. 
The mean pulse height corresponding to each alpha-energy 
was determined with a pulse-height analyzer. The pulse height 
versus energy curve shows a gradually increasing pulse height 
with energy which can be explained on the assumption that 
the efficiency of fluorescence is dependent upon specific energy 
loss in the crystal or is proportional to the ionization density. 
The anthracene scintillation spectrometer was used to estab- 
lish a range versus energy loss curve for alpha-particles in 
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argon. The curve indicates that the range in argon is pro- 
portional to the »/2 power of the energy where 4<n< 2. 
Other crystals such as Nal(Tl) and ZnS(Ag) are more 
efficient alpha-detectors than anthracene but this method 
seems very suitable for making relative energy loss measure- 
ments in layers of absorbing gas. The fluorescent efficiency 
for alpha-particles in anthracene at 1 Mev and below is very 
poor. 


45. The Total Cross Section of Holmium v; Energy for 
Slow Neutrons. T. E. SrEPHENSON, C. P. STANFORD, AND S. 
BERNSTEIN, Oak Ridge National Laboratory.—A brief descrip- 
tion of the focusing neutron spectrometer, which utilizes a 
variable curvature quartz crystal, will be given. This instru- 
ment and collimating system were designed so that cross- 
section measurements could be made on materials available 
only in very small quantities such as rare elements and radio- 
active and separated stable isotopes. The macroscopic area 
presented by the holmium oxide sample to the neutrom beam 
was 0.0177 cm*. The total neutron cross section of holmium 
oxide was measured in the energy region from 0.026 ev to 
0.5 ev. Evidence of small crystalline diffraction effects was 
found in the low energy portion of the curve. Using the pre- 
viously measured absorption cross section for thermal neu- 
trons,' and assuming that the absorption cross section of 
holmium follows the 1/v relation in this energy region, the 
scattering cross section was calculated as a function of energy. 
The scattering cross section showed a marked variation with 
energy. Paramagnetic scattering by the Ho*** ion is suggested 
as a possible cause of the variation with energy. Values of the 
paramagnetic scattering cross section deduced from the meas- 
urements are compared with values calculated from theory. 


H. Pomerance, Phys. Rev. 83, 641 (1951 


46. The K Auger Yield of Mercury. C. D. BRoyLEs AND 
S. K. Haynes,* Vanderbilt University.—In a continuation of 
the study of K Auger yields, the electron spectrum of Au'® 
was studied on a magnetic lens spectrometer. The gold was 
obtained from Oak Ridge. A source, 20 ug cm™ on a 100 yg 
cm backing, was prepared by thermal evaporation in vac- 
uum. The data were taken with counter windows of 20 ug 
cm™? and 1.3 mg cm™*. The presence of Au’ and the low 
Auger intensity limit the accuracy obtained. The measured 
K Auger yield agrees within experimental error with the 
theory of Massey and Burhop.' The ratio of the LM+LN 
to LL yields (probable error ~15 percent) is about 15 percent 
lower then predicted by Pincherle.2 These agreements with 
theory for a high Z element differ from our previous results 
for lower Z (Ba, In) in which the total yield and the above 
ratio were appreciably smaller than theory. The total yield 
agreement indicates that Au'* cannot decay appreciably by 
K capture as suggested by several authors. 

* Supported by the AEC. 

1H.S.S. Massey and E. H. S. Burhop, Proc. Roy. Soc. (London) 153, 681 


(1936) 
?L. Pincherle, Nuovo cimento 12, 81 (1935). 


47. The ORNL 20 Channel Analyzer. G. G. Ke.iey, P. R. 
BELL, AND C. G. Goss, Oak Ridge National Laboratory.—A 
multi-channel analyzer employing several new principles is 
described. It is designed to analyze pulses from a linear ampli- 
fier using 1 ywsec delay line differentiation, at a maximum 
counting rate of 20,000 counts/sec. Resolving time is 2.1 usec 
and stability and accuracy are consistent with the maint- 
enance of 1 to 2 percent accuracy in spectrum determinations. 
The analysis of pulses which are spaced too closely in time 
to be recorded correctly is prevented in this instrument by 
an “inspector” circuit which examines an interval of time 
following the beginning of each pulse and prevents the re- 
cording of this pulse and the succeeding pulse if the latter 
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occurs during this interval. Signals entering the analyzer are 
delayed to permit pre-inspection of the period required for 
the recording process. A pulse lengthener is used in the analyzer 
to permit the use of relatively slow discriminators. This cir- 
cuit, which has a large ratio of fall to rise time, is discussed. 


48. Empirical Determination of Trajectories in a Thick, 
Non-Uniform Field Magnetic Lens Spectrometer. W. G. 
HoLtapay AND S. K. Haynes, Vanderbilt University.—Perkins 
and Solbrig! have shown how empirical relations among the 
trajectory parameters can be obtained for a magnetic lens 
spectrometer in which the ends of the trajectories are straight 
for a considerable distance (i.e., fairly thin lens). From a very 
few calculated trajectories all others can be found, the baffles 
can be located, and the line shape and resolution for a point 
source determined. This procedure has been extended to the 
case of large angles between the trajectories and the axis 
and to trajectories whose ends are markedly curved. The 
parameters used are the trajectory length (D), the angle of 
emission (a), the angle with the axis at the counter (b), and 
the spectrometer constant (p/i). The empirical relations 
among these parameters are similar to but not identical 
with those for a thin lens. One single curve relates the first 
three parameters, while a family of straight lines relate the 
first two for different p/i. An accurate empirical expression 
for the counter end of the trajectory was found which should 
be generally applicable: 

r=tan b[C,\(D —z) —C:(D—z)* sinr(D—z)/D), 
where C, and C: are known functions of D and ¢ is the distance 
from the source. 


! Perkins and Solbrig, Rev. Sci. Instr. 22, 173 (1951) 

49. Determination of the Counting Efficiency of a Gas- 
Flow Proportional Counter. BERND Kanun,* Oak Ridge 
National Laboratory.—A gas-flow counter, using a mixture of 
argon and methane, was operated in the region of limited 
proportionality. Liquid solutions emitting beta-particles 
having maximum energies between 40 and 3500 kev were 
deposited on disks made of various metals which were placed 
within the proportional counter. The activities were deter- 
mined either by coincidence or by four x-counting. The 
absence of any absorber between source and gas makes the 
counter especially suitable for low energy sources. Other 
advantages of the counter are a low resolution time, satis- 
factory voltage plateau, and the ability to differentiate be- 
tween charged particles of various energies. 50 percent of the 
radiations are counted directly; a large proportion of the 
remaining radiations are backscattered into the counter. 
Over-all counting efficiency was better than 80 percent for 
medium energy beta-spectra on platinum backing. The effi- 
ciency was less for very low and very high energy betas, 
and decreased with the atomic number of the backing material. 


* Formerly AEC 
Health Physics Division of OR} 


Radiological Fellow at Vanderbilt University and 
NL. 


50. A 100-Kev Positive Ion Accelerator.* O. YonNTS AND 
S. BASHKIN, Louisiana State University—A 100-kev positive 
ion accelerator intended primarily for the acceleration of deu- 
terons has been constructed. The high voltage supply is 
provided by an x-ray power unit. An rf ion source, operating 
at 10 mes, provides an intense discharge in a low pressure 
bulb. Power for the oscillator circuit comes from a 110 v.a.c. 
generator which is insulated from ground by Textolite sup- 
ports. The generator is driven from a motor by a heavy cotton 
belt. Leakage down the belt is negligible. A 75-megohm bleeder 
is placed across the high voltage supply, and taps from this 
bleeder to electrodes in the Pyrex accelerator tube make pos- 
sible a satisfactory distribution of voltage down the tube. 
One electrode, next to the ion source, serves to focus the beam. 


PHYSICAL 


SOCIETY 175 
Up to the present time, the maximum total beam reaching 
the target has been 40 microamp. Considerable improvement 
in the current appears feasible with minor modifications of 
the apparatus. 


* Work supported by the Research Corporation. 


51. An Improved Vibrating Probe Electrometer for Use 
in Biophysical Research. Mark W. Jones, J. W. FLOWERS, 
AND Davip Pomeroy, University of Florida.—The instrument 
is designed for the measurement of small biopotentials and 
is patterned on that of Bluh and Scott,’ but the method used 
for probe excitation minimizes transverse probe vibrations. 
The electrical circuit consists of a cathode follower for reducing 
input probe capacitance and a narrow band tuned amplifier 
for the elimination of frequencies other than the probe fre- 
quency. Several measurements of the bio-electric potentials 
of plant tissues and seeds have been made. 


!O. Bluh and B. I. H. Scott, Rev. Sci. Instr. 21, 867 (1950). 

52. An Electronic Method of Measuring Forces Resisting 
Armor Penetration.* Joun C. Linpsay AND A. V. MASKET, 
University of North Carolina.—With a suitable optical system 
a light slit of uniform intensity was formed in front of and 
perpendicular to an armor specimen. The light was then 
focused on a high vacuum photocell. From the photocell a 
voltage pulse was obtained and amplified which corresponds 
to the time displacement curve of a bullet passing through 
the slit of light and being stopped by the armor. This time 
displacement curve was differentiated twice by two analog 
diffetentiating circuits which gives a voltage pulse propor- 
tional to the deceleration of the bullet. These voltage pulses 
were photographed from the face of a single sweep oscillograph 
and when suitably calibrated are continuous time-displace- 
ment, velocity-displacement, and deceleration-displacement 
curves. The circuit employed and typical results obtained 
shall be described. 


* This project was sponsored by the Naval Research Laboratory 


53. A Short Base Length Range for Air-Drag Studies. 
ARTHUR Linz, JR., AND A. V. MASsKET, University of North 
Carolina.—A photoelectronic technique for the measurement 
of short time intervals has made possible the measurement of 
air-drag on small projectiles within the confines of small 
laboratory rooms. A pair of light screens, each 0.0015 in., 
and 10 in. apart, give pulses from photomultipliers whose 
time separation can be measured to 10-8 sec. A second pair 
of light screens 10 feet farther along the flight path repeat 
the measurement. The time differences at various speeds 
over the sonic range are converted to velocity loss and total 
drag coefficients. The method of time measurement and results 
obtained will be described. 


54. XYZ Method of Coincidence Correlation Spectrometry. 
Epwarp C. CAMPBELL, Oak Ridge National Laboratory. 
The pulse-height distribution of the associated coincident 
pulses from each of two scintillation detectors may be ob- 
tained by applying the pulses after amplification and delay- 
line shaping to the X and Y deflection plates, respectively, 
of a cathode-ray oscilloscope. A separate coincidence circuit, 
with output applied to the Z amplifier of the oscilloscope, 
intensifies the beam at the peak of each pair of coincident 
pulses, giving a spot whose coordinates are separately the 
pulse heights in the two detector channels. A short time- 
exposure photograph of the oscilloscope screen records the 
information. The density at each area element on the photo- 
graph gives a measure of the number of correlated coincident 
pulses with pulse heights corresponding to the coordinates of 
the area. The apparatus is in effect a double multichannel 
analyzer. An exposure of one minute is sufficient to show the 
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two well-defined groups of spots due to Compton back- 
scattering coincidences. Applications of the method to other 
problems will be discussed. A similar method has been pro- 
posed independently by R. F. Post.' 


R. F. Post, Phys. Rev. 83, 886 (1951). 

55. Positron-Electron Scattering in Helium. G. Roperi 
Hoke* AND PauL E. SHEARIN, University of North Carolina. 

Positron-electron scattering in a cloud chamber filled with 
helium at a pressure of 105 cm of Hg has been studied. The 
positron source was Na-22 and the primary energies ranged 
from about 50 to 600 kev. A magnetic field of 305 gauss was 
used. The photographs were taken on 35-mm film. After the 
films were developed, they were replaced in the camera and 
reprojected to a ground-glass screen. All measurements on 
the tracks made on the reprojected images. On 2420 
meters of track length, 1129 events with a fractional energy 
exchange of 10 percent or more were found. The frequency of 
scattering is in good agreement with the theory of Bhabha! 
but not enough events are available to discriminate between 
the theory with the effect of exchange taken into account 
and the theory without exchange (i.e., “‘ordinary"’ scattering). 
Essentially the same result was recently obtained by Ritter 


et al 


were 


th E. I. du Pont de Nemours & Company. 
Bhabha, Proc. Roy. Soc. (London) 154, 195 (1936) 
Ritter et al., Z. Naturforsch. 6a, 243 (1951). 


* Now wi 
tH. J 
Von O 


56. The Determination of K Shell Conversion Coefficients 
Using a Nal Single Crystal Scintillation Spectrometer.* R. L. 
HEATHT AND P. R. BELL, Oak Ridge National Laboratory.—A 
single crystal scintillation spectrometer has been used to 
measure the A shell conversion coefficients of nuclear states. 
Among the factors which must be accounted for in obtaining 
quantitative measurements are the efficiency of the crystal 
as a function of source position for various energies, Compton 
backscattering from the surroundings, multiple Compton 
processes within the crystal, escape of iodine x-rays from the 
crystal, and the production of x-rays in the surroundings. 
rhe efficiency of a 14-in. diameter X 1-in. Nal crystal, as 
related to source position and energy, has been calculated and 
verified experimentally. The other factors have been investi- 
gated and their interpretation applied. Using the corrections 
made necessary by the effects mentioned, together with values 
for fluorescent yield, the following conversion coefficients for 
the A shell were obtained: Cs’, ax =0.095+0.005, and for 
0.23+0.01 


ak 
this study to be submitted in partial fulfillment of the 

for the Degree of Master of Science at Vanderbilt University 

AEC Radiological Physics fellow, assigned to Vanderbilt 

i Health Physics Division, ORNL. Presently employed by 
mpany, Arco Reactor Testing Station, Idaho 
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57. The Build-Up of Deuterium on Metal Targets. W. F. 
STUDER AND A, W. WALTNER, North Carolina State College. 
Ihe build-up rate of deuterium on various metallic targets 
was investigated as a function of accelerating voltage and 
beam current. Deuterons produced in a rf ion source were 
used to bombard the metal targets. The build-up was investi- 
gated by means of the H*(d,n)He® reaction at accelerating 
voltages up to 50 kv. A conventional BF; counting system 
was used to detect the resulting neutrons. Build-up curves 
showing neutron yield vs time are presented. Constant accel- 
erating voltage and beam current were obtained for each 
target. The etfect of various target materials and the retention 
of the deuterium by the metal target were also investigated. 


58. The Low Energy Yield of the H*(d,p)H* Reaction. 
R. F. HEGENBERGER AND A. W. WALTNER, North Carolina 
State Photographic emulsions (Ilford C2) are used 
to determine the proton yield of the above reaction. An rf 


College 
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ion source furnished the deuterons which are accelerated by 
various potentials up to 15 kilovolts, and bombard a deuterium 
target. A photographic plate wrapped to exclude light is 
placed behind a #y-in. slit in the Lucite target chamber 
slightly above and to one side of the target. The plate is 
mounted in a movable holder and can be moved across the 
slit in the chamber wall by means of a screw mechanism. 
rhis arrangement permits several exposures on a single plate. 
Since the Lucite wall is sufficient to stop protons, a strip of 
emulsion not exposed to the slit gives an accurate count of 
background including recoil protons resulting from neutrons 
produced by the H?(d,n)He* reaction. A comparison is made 
between the results here obtained and those of other investiga- 
tions. 

1 Bretscher, French, and Seid], Phys. Rev. 73, 815 (1948). 

59. Low Energy Portion of the C'* Beta-Spectrum. G. W. 
McManaway, E. O. KiGer, AND A. W. WALTNER, North 
Carolina State College—Two-dimensional photographs were 
made of the lower energy beta-tracks, from the disintegration 
of C', formed in a continuously sensitive cloud chamber. 
The photographs contained approximately 5000 tracks. A 
total of 368 of these tracks, which were exceptionally well 
defined and in complete focus over their entire length, were 
measured and their energy determined. The measured track 
lengths were converted to energy using the range-energy date 
of von Droeste.! By accepting the photographed projection 
as the actual range, a spectrum was obtained that indicated 
approximately zero intensity below 8 kev. An approximate 
correction was made for the projection and for the relative 
percentages of tracks for each energy that were in focus. 
From the corrected data it was concluded that there are few, 
if any, beta-particles from C' that have energies below 10 kev. 
The sharp drop in the number of tracks at low energies has 
been substantiated by other experimenters.** 

von Droeste, Z. Physik 84, 17-41:(1933). 


2 Angus, Cockcroft, and Curran, Phil. Mag. 40, 522-530 (1949). 
3 Cook, Langer, and H. C. Price, Phys. Rev. 74, 548-552 (1948). 


60. The Low Energy Yield of the H*(d,n)He*® Reaction. 
P. Baker, B. L. Jones, AnD A. W. WALTNER, North Carolina 
State College.—Relative yields of neutrons from the H*(d,n)He® 
reaction were measured at bombarding energies of 5 to 50 
kilovolts. A radiofrequency ion source of the type described 
by Moak et a/.! was used in producing the deuteron beam. 
The accelerating potential was produced by an rf type voltage 
quadrupoler. The target was prepared by bombarding a 
copper plate with deuterons at the maximum voltage used 
in a particular run until the activity of the target reached its 
saturation value. This required a time of about an hour. A 
conventional BF® neutron counting system was employed 
with the counter tube located near the target. Reproducible 
yields were measured at bombarding energies as low as 10 
kilovolts. There was some indication of a yield down to 
7 kilovolts. It is observed that the plot of log of neutron yield 
vs energy~ is linear to the lowest detectable yields. 


1 Moak, Reese, and Good, Nucleonics 9, 3, 18 (1951). 


61. On the Decay of Ba’ and Cs'. W. L. STIRLING AND 
Max Goopricu, Louisiana State University.—Ba™ is known 
to decay by A-capture to Cs! which in turn decays by 
K-capture to Xe"!. In the first case the decay is clearly to 
excited states of the Cs! nucleus but in the second case 
reports have differed. Magnetic spectrometer studies' have 
indicated that the earlier? reports of a 0.145-Mev gamma-ray 
in the spectrum from Cs" are in error and that the Cs!* 
decays directly to the ground state of Xe. Investigation of 
these spectra by the authors has shown conclusively that this 
is indeed the case. The scintillation spectrometer which was 
used showed only the presence of the x-rays resulting from 





AMERICAN 


the K-capture transition directly to the ground state. Pre- 
liminary studies of the gamma-rays from the Ba decay also 
confirm the spectrum reported! for this decay except for one 
group of 3 lines unresolved by the scintillation spectrometer. 
In addition there is evidence of a gamma-ray at about 0.650 
Mev. As yet, it is not certain that the latter gamma-ray 
belongs to Ba". 


Rev. 83, 76 
Rev. 71 


1951). 
382 


1 Canada and Mitchell, Phys 


? Yu, Gideon, and Kurbatov, Phys 1947 


62. Neutron Capture Resonances in Cs, La, Pr, Rb, TI, 
and Y. Ropert H. Rowrer,* Oak Ridge National Laboratory. 

The boron absorption technique! for locating neutron cap- 
ture resonances was employed in order to determine a lower 
limit for resonance spacings in some nuclides near neutron 
magic numbers. Samples of CsNO;, Pr.O;, La:Os, Y20s, 
RbNOs, and Tl were activated in a beam of epi-cadmium 
neutrons which was filtered by B"” absorbers. The nuclides 
of interest were identified by their decay periods. Analysis of 
the data led to estimated energies for the first resonance of 
10,000 ev for Tl’, 5000 ev for Y, 970 ev for Rb**, 600 ev for 
Rb*’, 380 ev for Pr, and 76 ev for La. Cesium data showed a 
strong resonance near 10 ev and several higher components. 
Assuming the first resonance to be the reported level* at 5.7 ev, 
our analysis locates the next resonance near 300 ev. These 
values confirm predictions that large resonance spacings are 
associated with neutron magic numbers. It appears, also, that 
the 270 ev? and the 1300 ev‘ resonances found in TI should be 
assigned to T1?*, 

* Work done under the Research Participation progr im while on leave 
of absence from Emory University 

1 Lichtenberger, Nobles, Monk, Kubitschek, Rev. 
72, 164 (1947); also CP 3781 (1946). 

? Landon and Sailor, Phys. Rev. 86, 605A (1952 


§ Wu, Rainwater, and Havens, Phys. Rev. 71, 174 
*W. W. Havens, private communication 


and Dancoff, Phys 


1947). 


63. Level Spacings and Magic Numbers.* Henry W. 
Newson, Duke University AND RoBeRT H. RouRER, Emory 
University.—Average spacing of neutron resonances has been 
plotted against neutron number. The data in the literature,! 
plus that in the last paper, allow us to plot spacings for nearly 
all target nuclei of odd Z and even N. Prominent peaks appear 
at neutron numbers 50, 82, and 126. These peaks have a spread 
of 2-8 neutrons on both sides of the magic numbers. There 
is no peak at 50 protons, but if the neutron’s excess is plotted 
against spacing, there is a peak at N=Z which is much like 
the one at neutron magic number 126. 


* This work is supported by the AEC. 
1R. K. Adair, Revs. Modern Phys. 22, 249 (1950 


64. Modified Fermi Theory of Neutron Moderation. E. 
GREULING, Duke University—The Fermi theory of neutron 
moderation! in large volume nonabsorbing media of atomic 
weight 1 can be generalized to include the effects of (a) 
strong absorption, (b) finite leakage from small volumes, and 
(c) moderation of neutrons by light elements including hydro- 
gen. The usual approximation for the slowing-down density 
(q=to,¢, where ¢ is the energy and space dependent neutron 
flux, o, is the macroscopic neutron scattering cross section, 
and ¢ is the average logarithmic energy loss of a neutron per 
elastic collision with an atom of the medium) is replaced by a 
better approximation involving a new constant y, namely: 


q+ (5q/éu)=to.¢, u=lIn(Eo/E) 
© =neutron energy. 


this 


A physical interpretation and some applications of 
modified theory will be presented. 


1 Soodak and Campbell, Elementary Pile Theory (John Wiley and Sons, 


Inc., New York, 1950). 
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65. Yield of Gamma-Rays from Proton Bombardment of 
Boron. J. L. Ryan, H. H. Givin, L. W. Cocuran, B. D. 
KERN, AND T. M. Haun, University of Kentucky.—The thick 
target gamma-ray yield from the bombardment of boron with 
protons accelerated by the University of Kentucky Van de 
Graaf generator has been obtained over the energy range 
between 0.5 and 1.0 Mev. The gamma-rays were detected with 
a sodium iodide scintillation counter, and energies were cali- 
brated in terms of the gamma-ray resonance from the reaction 
F!9(p,~)Ne®. An upper limit is set to the reported resonances’? 
at 0.65, 0.85, and 0.95 Mev. 


Phys 
Proc. Roy 


Rev. 51, 691 (1937) 


' Herb, Kerst, and McKibben 
Soc. (London) 169, 269 (1939). 


? Curran, Dee, and Petrzika 


66. A Velocity Determination for Microseisms in Coral 
Formations. E. W. Kammer, Naval Research Laboratory. 
Velocity measurements have been made on microseismic 
vibrations existing in the coral island formation of Grand 
Bahama Island. On several occasions during the months of 
August and September of 1951 the vibrations exhibited a well- 
defined flow across the island. Under these conditions a deter- 
mination of the vibration mode was made from three com- 
ponent recordings while velocity measurements were obtained 
from a tripartite array. These data indicate that, for the 
situations studied, shear modes predominanted. Vibrations of 
five seconds per cycle had velocities ranging from 2500 to 
3000 feet per second. 


67. Autoradiographic Analysis of the Murray, Kentucky 
Meteorite. J. R. Horan,* ORNL, G. A. Boyp, ORINS. 
A study has been made using nuclear emulsions exposed to 
fragments of the Murray, Kentucky aerolite. Exposures of 
100 hours to Eastman NTB emulsions indicated the presence 
of alpha-tracks as well as discrete silver grains caused by 
beta- or gamma-radiation originating from dispersed aggre- 
gates. Preliminary microscopic measurements of alpha-tracks 
revealed an increase in average range because of the non- 
uniform variation of dip angle with emulsion shrinkage. An 
improved method for the determination of range distributions 
required the single measurement of the horizontal projections. 
An investigation to determine track lengths of monochromatic 
alpha-particles showed a leptokurtic rather than a Gaussian 
curve. The observed radiations were the result of heavy ele- 
ment contamination rather than cosmic-ray induced activity.)? 

* Initially AEC Radiological Physics Fellow at Vanderbilt University. 
Presently employed by the American Cyanamid Company, ARCO Testing 
Station, daho Falls, Idaho 


1C. A. Bauer, Phys. Rev. 72, 354 (1947). 
2H. Stucklen, Phys. Abstracts 58, 186 (1950). 


68. A Theoretical Study of Geoelectrical Prospecting Over 
a Dome Structure.* Ropert VAN NostRanp, University of 
North Carolina. (Introduced by W. A. Bowers).—In geo- 
physical prospecting, it is useful to precede actual field work 
with a theoretical study of the features which are likely to be 
encountered. The present paper presents such a study in 
connection with electrical prospecting in the vicinity of a 
buried dome which is considered to be a hyperboloid of revolu- 
tion. The field method is described briefly; after which the 
formal mathematical problem, in which materials of different 
resistivities are separated by hyperboloidal surfaces, is set up 
and solved in prolate spheroidal coordinates. The solution is 
expressed in terms of associated Legendre functions of com- 
plex order, and of arguments both less than and greater than 
unity. 


* Work supported by United States Geologic Survey 
69. Investigation of the Homocharge of Electrets. EstHer 


Davis ROBINSON AND A. C. Mentvs, Jr., North Carolina State 
College.—The literature has been contradictory'™ in the effect 
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of electric field intensity on the homocharge of electrets. 
Furthermore, the threshold field intensity is in doubt. For 
these reasons a large number of electrets were made of varying 
thicknesses, and with various applied voltages. The results of 
these investigations are shown graphically. 

Phys. Rev. 42, 912 (1932). 


and Herrmann, Physik. Z. 37, 589 (1936). 
D. Stranathan, Phys. Rev. 56, 810 (1939). 


n and Carr 
1, Winkel 
od and J 


70. Superconductivity in a Dendritic Deposition of Pure 
Tin. I. E. LEINHARDT AND J. M. REYNOLDs, Louisiana State 
University.—It is well known that superconducting alloys, in 
contrast to pure metal superconductors, have broad tempera- 
ture transitions in zero field, large initial slopes of magnetic 
threshold curves, severe hysterisis in magnetic properties, and 
incomplete Misener effects. On the basis of an hypothesis 
advanced by Mendelssohn,' Shoenberg? has suggested that 
an alloy of ideal uniform composition might be expected to 
show the characteristics of a pure metal superconductor. 
This has been found to be true in the cases of (NaBi)® and 
(K Bi)’. Attempts have been made to produce slight alloy 
effects in superconducting dendritic filaments of electrolyti- 
cally deposited pure tin. Electrical resistance measurements 
show a noticeable magnetic hysteresis in isothermal transition 
and an interesting dependence of resistance on measuring 
current, probably due to the Silsbee effect. 

!'K. Mendelssohn, Proc. Roy. Soc. (London) A152, 34 (1935). 


? D. Shoenberg, Nature 142, 874 (1938). 
3J. M. Reynolds and C. T. Lane, Phys. Rev. 79, 405 (1950). 


71. The Electrical Resistivity of Graphite at Low Tempera- 
tures. H. W. HEMSTREET AND J. M. REyNOLDs, Lowtstana 
State University.—The electrical resistivity of high purity 
polycrystalline graphite was measured as a function of tem- 
perature from 373°K down to 1.4°K. Its resistivity was found 


to change only by a factor of 2 over this wide range of tem- 
peratures. The resistivity decreased with increasing tempera- 
ture in agreement with the results of Goetz and Holser' and 
Buerschaper,? and in disagreement with the positive tempera- 
ture coefficient of resistivity found by Onnes and Hof*¢ for 
“natural"’ graphite. Temperatures were determined from the 
vapor pressures of boiling liquid baths in which the sample 


was immersed. A copper-constantin thermocouple was fas- 
tened to the sample throughout its entire temperature tra- 
versal in order to “‘fill in’’ those regions not available to the 
vapor pressure thermometers. To our knowledge these meas- 
urements are the first to extend the resistivity data on graphite 
to the region of temperatures obtainable with liquid helium 

1A. Goetz and A. Holser, Trans. Electrochem. Soc. 82, 391 (1942). 

? Robert A. Buerschaper, J. Appl. Phys. 15, 452-454 (1944). 

*H. Kamerlingh Onnes and K, Hof, Leiden Comm. 142b (1914). 


4H. Kamerlingh Onnes and K. Hof, Proc. Roy. Acad. Sci. Amsterdam 
,» 520 (1915 


72. Heating of Samples in the Electron Microscope. L. A. 
WoopDwarbD, Georgia Institute of Technology.—F or examination 
by means of the electron microscope, a sample must be so 
positioned as to be subject to considerable electron bombard- 
ment. It has been known for some time that the larger par- 
ticles of the specimen may absorb sufficient energy from the 
electron beam to become considerably elevated in tempera- 
ture. Electron micrographs presented give evidence of local 
temperatures in excess of 1700°C by showing the melting of 
a 20-micron kaolinite clay particle. Examples are also shown 
of how this heating effect of the electron beam may be used to 
advantage to obtain pictures that would not otherwise be 
possible. 


73. Electron Microscopy of Viruses in Crude Animal Fluids. 
D. Gorpon SHarp, Duke University.—A procedure will be 
described which makes possible electron micrographs of viruses 
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in animal fluids without the need for previous purification and 
concentration. In favorable cases, it has been made to yield 
quantitative data. The sample is deposited by centrifugation 
on an agar surface to which the virus adheres while the super- 
natant fluid is removed. Subsequent replication of this agar 
surface removes the virus and this collodion film replica can 
then be shadowcast and handled in the usual way. Chorio- 
allantoic fluid from chick embryos infected with PR8 strain 
influenza virus yields good pictures when diluted 100. The 
virus of avian erythromyeloblastic leucosis has been demon- 
strated in the plasma of infected birds by this procedure. 


74. Calculation of Maximum Permissible Concentration 
(MPC) of Radioactive Contamination in Air and Water Fol- 
lowing an Atomic Explosion. K. Z. MorGAN anp C. P. 
STRAUB,* Oak Ridge National Laboratory.—If an atomic bomb 
is exploded at sufficient elevation to take full advantage of 
blast and thermal effects, there ordinarily will not be an 
appreciable amount of surface radioactive contamination. 
In case of an underwater explosion the total curies of fission 
products per kilogram of uranium or plutonium fissioned at 
any time, ¢, in seconds after the explosion is given approxi- 
mately by the equation Cg=2.7X10"t-'. In addition less 
than 1 percent of the total contamination would be the result 
of induced activity and fissionable materials from the bomb. If 
a person entered an area contaminated with fission products at 
to days after the atomic explosion where the dose rate was 
Ro reps per day and remained until ¢; days after the explosion, 
the approximate total dose, D, in reps from external exposure 
would be given by the equation D=2.3Roto logio(t:/to) if there 
were no selective retention of the fission products. It is esti- 
mated that the MPC of the radioisotopes in uc/cc for emer- 
gency operation is given approximately by the equation 
MPC=Kt'* for the time interval from 30 min to 3 yr 
following the explosion. If time, ¢ ,is given in days, K = 10~ for 
drinking water contaminated with any expected contaminant 
emitting a-, 8-, or y-radiation. In case of contaminated air 
K=10~ for B- or y-emitting radioisotopes or 5X10~" for 
a-emitting radioisotopes. 


*C. P. Straub is assigned to ORNL by the U. S. Public Health Service. 


75. The Refractions of a Spherical Laminated Lens. Otto 
STUHLMAN, JR., University of North Carolina.—A typical 
example of such a lens is found in human, mammalian, or in 
the eyes of the bony fishes. In the latter the index of refrac- 
tion decreases as the square of the radius of the laminations. 
The anterior surface is immersed in fresh water, the posterior 
surface in vitreous of index 1.335. The lens is idealized to 
have an index of 1.530 for its nucleus. The effective index 
of such a lens is found to be greater than the maximum index 
of the nucleus of a laminated lens of equal focal length and 
radius, A hypothesis is proposed explaining the change in index 
of a growing lens with age, while the ratio of focal length with 
radius of the lens remains constant. 


76. A Test and Demonstration Object for Phase Micros- 
copy. L. A. Woopwarp AND J. E. RHopes, JR., Georgia 
Institute of Technology.—An analogy between the electrical 
transmission of information by means of a modulated carrier 
and subsequent demodulation, and the transmission of infor- 
mation from an illuminated object to the image plane of a 
microscope objective has been drawn. Present day phase 
contrast microscopes correspond, in this analogy, to one 
means of demodulation of a phase modulated carrier. Other 
demodulation methods, when carried through the analogy, 
should provide phase contrast images. Experimental work is 
being carried out to investigate these other schemes. It was 
first necessary to devise a suitable test object. The require- 
ments were that it show much greater contrast in a phase 
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contrast set-up than in an ordinary bright field microscope. 
In addition, it would be helpful to have known details of form. 
These two specifications eliminate most natural objects. An 
artificial object was made using a transparent film on glass 
put on in such a way as to introduce a quarter-wavelength 
phase difference over a definite geometric pattern. This cannot 
be detected in a bright field microscope but shows very plainly 
in a phase contrast microscope. By the introduction of a 
suitable amplitude contrast sample on the film, an excellent 
demonstration object for the phase contrast microscope can 
be obtained. 


77. Effects of Delaying of Germination of Seeds Subjected 
to Radiation. June G. Jones anp Davip Pomeroy, Univer- 
sity of Florida.—Experiments at Bikini and elsewhere have 
shown that when dry seeds are irradiated, their subsequent 
development is affected.! The present experiment illustrates 
that the extent of radiation damage is influenced by delaying 
the germination of dry seeds, which have been previously 
exposed to x-rays. As a measure of the radiation injury, we 
compared the length which the coleoptiles of the irradiated 
seedlings attain four days after germination with the length of 
coleoptiles of control (unradiated) samples. 


1L.S. Randolph, J. Cell. and Compar. Physiol. 35 (Suppl. 1), 103 (1950). 


78. Spectrographic Analysis of Trace Elements in Human 
Tissues. IsapeEL H. Tipton, The University of Tennessee, 
and Health Physics Division, Oak Ridge National Laboratories. 
—This is a preliminary report on the program for the analysis 


MINUTES OF THE 1952 WASHINGTON MEETING, May 1 


HE 313th meeting of the American Physical 

Society, being the 1952 Spring Meeting at 
Washington, D. C., was held on Thursday, Friday, 
and Saturday, May first, second, and third, 1952. 
It achieved a new record in size as measured by 
number of contributed papers. Three hundred and 
eighteen abstracts were printed in the Bulletin 
(three more were deleted because their authors 
developed qualms, and will be represented by 
eternal blank spaces in the pages of The Physical 
Review). Invited papers on the general programme 
numbered twenty-three. Since they are listed 
hereinafter, | mention only that eleven pertained 
to nuclear physics comprising cosmic rays, two to 
cryogenics, three to semi-conductors, four to 
topics gathered under ‘chemical physics,’’ and 
three toa theme new to our symposia, viz., ‘Entropy 
and Information.” The Division of Electron 
Physics provided a single half-day symposium, 
the Division of Chemical Physics a pair. 

The thirty-nine sessions among which these 
offerings were distributed were not too many for 
the eight halls continuously placed at our disposal, 
but two of the halls were too small for the crowds; 
this forebodes either a future limitation or a future 
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of human tissue for trace elements which has been set up in 
The University of Tennessee Physics Department under 
contract with Carbide and Carbon Chemicals Company. 
Autopsy specimens from subjects with a variety of geograph- 
ical backgrounds are carbonized on a hot plate and ashed in 
a muffle furnace at 500°C. A sample of the ash is placed in a 
crater in a spectroscopically pure graphite electrode and 
burned to completion in a dc arc. A quantitative estimate of 
the metals observed is made by comparison with standards 
made by adding known amounts of 23 elements to a biological 
matrix. 


79. Effect of X-Radiation on the Bioelectric Potentials of 
Rats. Davin Pomeroy AND HERBERT GuRsKy,* University 
of Florida.—A modified form of the usual electric millivolt- 
meter of high input impedance, designed in our laboratories 
by T. D. Carr,t was used to measure the potential differences 
between the same points (tip and base of tail) of a specially 
selected strain of rats. One group was then given 150 r, a 
second group was given 300 r, while a third group was used 
as control. The results for individual rats showed no significant 
difference. Treated statistically, by groups, there is some indi- 
cation of a fall in p.d. after irradiation, and there is also a 
difference in the fluctuations as measured by the standard 
deviations. It has been reported by other investigators that 
these fluctuations show marked changes at different clinical 
periods when cancers have been induced on rats.' 

* Now at Vanderbilt University, Nashville, Tennessee 


t Now with the A. Guided Missiles Project, Cocoa, Florida. 
1 Burrows, Rose, and Schober, Cancer Research 5, 524 (1945) 


3, 1952 


spreading-out. The eight were in the Shoreham 
Hotel, the Wardman Park Hotel, and the National 


Bureau of Standards: this is the universally 
popular scheme introduced by the 1951 Local 
Committee. This year’s Local Committee consisted 
of Hugh Odishaw (Chairman), R. B. Roberts, 
J. A. Sanderson, S. Silverman, Mrs. C. M. Sitterly, 
and L. S. Taylor. We owe more than can be 
expressed in words to them and to their numerous 
aides—projectionists, “‘expediters,”’ girls serving at 
the registration desk—some of whom came from 
the National Bureau of Standards, some from the 
Department of Terrestrial Magnetism, some from 
the Naval Research Laboratory, some from the 
Applied Physics Laboratory, and some from the 
Washington Board of Trade. The equipment— 
lanterns, screens, a movie projector, | know not 
what more—was provided by the Bureau. 

Those who registered at this meeting numbered 
1881, against 2150 last year. One spurns the 
insulting suggestion that the decline was the result 
of the one-dollar registration fee, at this meeting 
levied for the first time; neither can it be blamed 
on the weather, cool and radiant this year as last 
(some year, however, we shall encounter a heat 
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wave); the best theory is that the members found 
the sessions so interesting the could not spare 
the time to register. 

The banquet of the Society was held on the 
Friday evening in the Terrace Room of the Shore- 
ham, with an attendance of 318. (It is a mere 
coincidence that the number of people at the 
dinner was the same as the number of ten-minute 
papers at the meeting.) The after-dinner speakers 
were S. A. Goudsmit, J. E. Mayer, E. M. Piore, 
and E. M. McMillan. 

The Nominating Committee of the Society met 
on the Friday afternoon, and here is the list of 
nominees whose names will appear on the next 
election-ballot: 


Enrico Fermi 

H. A. Bethe 

K. K. Darrow 

G. B. Pegram 

S. A. Goudsmit 

Arnold Nordsieck 

L. I. Schiff 

W. Shockley 

J. R. Zacharias 

Nominees to Board of Editors, allocation to 
Physical Review: W. A. Fowler, K. Greisen, 
C. Kittel, R. E. Marshak, W. K. H. Panofsky, 
and V. F. Weisskopf. 

Vominees to Board of Editors, allocation to 
Reviews of Modern Physics: R. C. Herman and 
EK. M. Piore. 


The Council met on the previous Wednesday 
afternoon. Here comes the grievous part of these 
Minutes. Utilizing the powers granted to it by the 
Society at the Business Meeting of February 1, 
1952, the Council set at $20 the 1953 dues for 
Members and at $30 the 1953 dues for Fellows. 

It cannot be too often repeated that this un- 
welcome action is due to two kinds of inflation: 
the general economic inflation known to all, and 
the specific inflation—explosive expansion would 
be a better term—of The Physical Review. The 
swelling of this journal from 4076 pages in 1950 to 
4880 pages in 1951 did not precisely catch us 
unawares, but it caught us so suddenly that the 


Presidency: 
Vice-Presidency: 
Secretaryship: 
Treasurership: 
Editorship: 
Nominees to Council: 


slow-moving machinery provided by our Constitu- 
tion could not be started soon enough to enable us 
to meet the situation betimes by a raise in 1952 


dues. Our surplus has been almost eaten up; and 
not only must we advance our income to.the level 
of our outgo, we must rebuild the surplus and get 
ourselves into a position to face what emergencies 


the future may bring. 

The assiduous reader (if there is one) of these 
Minutes will be aware that this is not the first 
step that the Council has taken of late to restore 
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the Society to financial equilibrium. We have 
raised the non-member subscription rate of The 
Physical Review, and have increased the page 
charge for papers and letters appearing in that 
journal. We have imposed an extra charge on 
members who wish to subscribe to Physics Abstracts. 
We have instituted a registration fee at our meet- 
ings. We have also received a generous grant from 
the National Science Foundation, from which we 
may draw for a part of the deficit which The 
Physical Review will assuredly incur in 1952 and 
may yet incur in 1953. The increase in dues is the 
last of this series of remedies, and by it we hope and 
expect that the Society will balance its budget and 
start to rebuild its vanished surplus. There was, 
of course, an alternative. We could have limited the 
size of The Physical Review to what we could 
afford to print under the present budget, accepting 
the drawback that many worthy papers would 
have had to be excluded while the publication of 
others would have been sadly delayed. The Council 
has proceeded on the assumption that this alterna- 
tive is not preferred by the members of the Society. 
It will, however, be adopted in respect of The Journal 
of Chemical Physics if and when this journal is 
taken overy by the Society, if the choice between 
the two alternatives has to be made. 

An alleviation of the new scale of dues has been 
granted to students who enter the Society after 
1952. They will be allowed to pay on a reduced 
scale for the first year, and for one more year if 
they continue to be students. Their sponsors— 
that is, the members of the Society who sign their 
nomination forms as sponsors—will be responsible 
for taking certain steps in order to obtain this 
concession for the students whom they nominate. 
Detailed information will be mailed to all of the 
members of the Society. 

According to reports reaching the office of the 
Society, we have lost through death the following 
members: H. A. Kramers (Honorary Member), 
J. J. Downing, W. R. Ham, R. Ladenburg, C. O. 
Lampland, M. E. Leeds, A. London, and T. B. 
Staver. 

Following are the names of the five candidates 
elected to Fellowship and the one hundred and 
twenty-one elected to Membership at this meeting. 

Elected to Fellowship: C. S. Cook, F. S. Jastram, G. E. Pake, 
F. B. Shull, and A. O. Williams. 

Elected to Membership: David Aaron, Charles Frederick 
Andrews, Gaylord Marvin Androes, Stephen Reynolds Arnold, 
Robert William Astrue, David Bakalar, Adam Becher, 
Mervin Reamer Beck, Richard Baker Belser, Abraham L. 
Berlad, Maurice Anthony Biot, Henry Gabriel Blosser, 
Ralph Raymund Bonkowski, Robert Benjamin Borts, Joseph 
Charles Bowe, Philip James Bray, Ernst Bruche, Robert 
Bruce Campbell, Robert James Carbone, Chester Paul 
Carpenter, Paul Robert Chagnon, H. Malcom Childers, 
Philipp Choquard, David M. Clarke, Philippe Albert Clavier, 
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John Reid Clement, Jr., Frances Dunkle Coffin, Louis Fussell 
Coffin, Jr., Richard John Conner, Edward George Cook, 
Howard Gordon Cooper, Theodore Patrick Cotter, Fernando 
Jose Corbato, Norman Greig Cranna, Bryce Low Crawford, 
Jr., Donald Charles Cronemeyer, Herbert David Curchack, 
Thomas McCaul Dauphinee, Monte Vincent Davis, Sybren 
Ruurds de Groot, David Alan Dows, Walter George Egan, 
letsuo Eguchi, James Franklin Elliott, Harry Robert Fechter, 
Mary Jane Fischer, T. G. Fox, Manfred Philip Friedman, 
Edwin Kilbourne Gatchell, Donald Allen Geffen, Theodore 
Bruce Godfrey, Bart Austin Goode, Jack Sam Greenberg, 
Richard Walter Griessel, Norman Michael Gutlove, Peter 
Hammerling, Robert C. Haymes, Richard H. Helm, Janet 
Hamilton Henchie, Henry Hoyt Hilton, III, Earl K. Hyde, 
Ernest Ikenberry, Mark John Jakobson, Charles Lincoln 
Jewett, Daryl David Keagan, Henry W. Kendall, James 
Gus Kereiakes, George Bernard Kich, Bruce John Kirby, 
James Thomas Kouba, Albert William Kratzke, John E. 
Kreig, Henry Milton Lakin, Michael Francis Lamorte, 
Mark G. Landisman, William Warner Lang, Jr., Helene 
Langevin, Edwin H. Layer, Jr., Israel Arnold Lesk, Marvin 
Burton Lewis, Bruno Linder, William Ivan Linlor, Delmas 
Carroll Little, Robert James Lovell, Thomas Stephen Mackey, 
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Robert Rudolph Matheson, Fielding Merwin McGehee, Jr., 
Dean Ervin McMillan, Mukio Miyazaki, Masataka 
Mizushima, Hiroshi Nakai, Howard Charles Nedderman, 
John Greenhalgh Parker, Charles Wesley Perkins, Charles 
Stephen Perry, Jerome Pine, Bernard Frances Poetker, Jr., 
Edward J. Prosen, Claud Austin Pyle, Alessandro Alberigi 
Quaranta, Richard Raymond Rau, Donald George Rea, 
Joseph Hans Rosenbaum, Richard A. Rubenstein, Melvin 
Michael Saffren, Howard M. Saltsburg, Alvin David Schnitzler, 
Adam Frank Schuch, Daniel Stanley Schwartz, Arnold E. 
Seigel, Joseph H. Simens, John David Sorrels, John E. 
Spalding, George Curtis Sponsler, III, Mathieu Johan Sterk, 
Gerald Stone, Claude Strother, Jr., Masasi Takasu, William 
Tobocman, Francis Michael Tomnovec, Helen Mary Ann 
Urquhart, Basil Christos Vafiades, Arthur Edward Walters, 
Herman G. Wehe, Harold G. Wenig, Edward Ansil Whalin, 
Robert Newmann Wiener, and Bruno Zumino. 


KARL K. Darrow, Secretary 
American Physical Society 
Columbia University 


New York 27, New York 


Errata Pertaining to Papers B6, C10, F6, FAS, 17, JA8, L6, N9, PA11, V9, 
VA3, WA3, WA8, X2, XA2, Y3, Y7, and SP1 


AEC 


B6, by Aaron P. Sanders. A footnote should be added, reading, ‘This work was supported by the 


C10, by R. S. Ledley. Instead of ‘‘R. S. Ledley,” read, ‘‘R. S. Ledley, DC, U. S. Army, Guest 


worker at the National Bureau of Standards.” 


F6, by Peter D. Johnson and Fred E. Williams. In line 13, “traps are isolated Tl* in the *P; and 
3P,° states,”’ should read, “traps are isolated TI* in the *Po° and #P;° states.” 
ps 

FAS, by W. C. Porter and W. E. Ramsey. ‘“Bartol Research Foundation of the Franklin Institute, 


Swarthmore, Pennsylvania 


should be added to the by-line. 


17, by Richard Schlegel. In line 19, “constant” should read “constancy.” 
JA8, by R. I. Mendenhall, C. E. Mandeville, E. Shapiro, E. R. Zucker, and G. L. Conklin. In line 


12, the phrase “‘Mc/cm?” should read ‘‘Mg/cm?.” 


L6, by Fay Ajzenberg. The title should read ‘‘Energy Levels of Be? and B®.” 

N9, by F. M. Kelly and D. K. C. MacDonald. In line 14, “Alternatively, a @g rather more accurately 
descriptive,” should read ‘‘Alternatively, a @ rather more accurately descriptive.” 

PAI1I1, by A. M. Bass and W. S. Benedict. In line 12, ‘‘D-—>X,"” should read “‘D—A.” 

V9, by W. A. Nierenberg. Reference ic should read “Davis, Jr., Feld, Zabel, and Zacharias, Phys. 


Rev. 76, 1076 (1949).” 


VA3, by A. H. Nethercott, A. Javan, and C. H. Townes. The last sentence should be deleted. 


WA3, by Thomas A. Perls. In reference 1, 


“F. T. Rogers,” should read “T. F. Rogers." Reference 


2 should read, ‘‘S. J. Johnson and T. F. Rogers, Phys. Rev. 85, 714 (A) (1952).” 
WAS, by Marcel Martin, Donald H. Jacobs, and Seymour Sholnick. In line 20, “constant pressure,” 


should read “constant temperature.” 
X2, by L. S. Frost and G. W. Penney. 


This abstract was withdrawn. 


XA2, by F. D. Bennett and G. D. Kahl. Sentence 7 should read, ‘Conditions are investigated for 
obtaining perfect plate compensation; these reduce the ellipsoidal interferometer to planar parallel- 


ogram form.” 
Y3, by A. Klein and R. Karplus 
+(6/7) In2]} =2.034 x 10° Mc/sec. 


The equation should read: (7/6)a*Rya{1—(a/x)[ (32/21) 


Y7, by Stewart D. Bloom. The corrected Table I follows. 


TABLE I 


Observed value X10* 
1; 7.120.2 
Ie 0.6+0.1 


11.20 (E2) 6.95 (E2) 4.62 
1.87 (E1) 0.57 


Observed and theoretical (see reference 2) values of J; and J 


Theoretical values 104 


M1) 3.45 (M2) 
M1) 0.07 (M2) 


E3) 5.36 
E2) 0.19 (3) 0.25 


SP1, by George Antonoff. In line 14, ‘d,;=d,"" should read “d,—d,.” 








PROGRAMME 


THURSDAY MorNING AT 10:30 


Shoreham, Terrace Room 


(R. B. LEIGHTON presiding) 


Stars and V-Particles 


Al. Stars Induced in Nuclear Emulsions by 100-Mev 
Protons. Ricuarp G. SEED, Harvard University.—Ilford G-5 
and Kodak NTB3 electron sensitive emulsions have been 
exposed to the direct and to the internally scattered 100-Mev 
proton beam of the Harvard cyclotron. Some 150 stars have 
been analyzed for the angular dependence of the ejected 
particles. A rough classification of energy, according to grain 
density is also reported, The resulting angular distributions 
are interesting for their marked asymmetry, giving forward- 
to-backward ejection ratios of 3.8 for all tracks from all stars, 
3.7 for all tracks from stars of three or more prongs, 3.35 for 
all tracks of energy less than about 30 Mev, 7.0 for all tracks 
of energy between 60 and 100 Mev, and 6.3 for all stub tracks 
(less than 4 in length). There is also the suggestion of a rela- 
tive minimum of particles emitted in the forward direction as 
theoretically predicted by Goldberger.' A rough, star collision 
mean free path of 100 cm (+15 percent) is obtained, which is 
rather long, but is uncorrected for zero-prong stars; and prob- 
ably some one-prong stars are missed. 


1M. L. Goldberger, Phys. Rev . 74, 1269 (1948). 

A2. Stars Induced by High Energy Neutrons in the Light 
Elements of the Photographic Emulsion.* M. BLau Anp A. R. 
OLIVER,t Brookhaven National Laboratory.—Stratified G-5 
emulsions were irradiated with the 300-Mev neutron beam of 
the Columbia cyclotron and the ratio of stars induced in the 
light to those in heavy elements has been determined. Assum- 
ing that the cross section is a linear function of A! the ratio 
N-light/N-heavy should be 0.27. Counting all stars with >2 
prongs in both emulsion and gelatin layers we obtained 
N-light/ N-heavy = 0.179+0.024. Because of the uncertainty 
connected with the recognition of 2-prong stars only 2-prong 
emulsion stars showing a distinct recoil-fragment were con- 
sidered. On the other hand, we accepted all 2-prong gelatin 
stars assuming that in all cases an additional short prong may 
have been lost in the gelatin. Even though these conditions 
favor a higher ratio, N-light/N-heavy =0.213+0.026 and is 
still lower than the calculated value, showing increased 
transparency of light nuclei. If one takes into account the 
0-, 1-, and 2-prong stars,! N-light/N-heavy would still be 
further decreased, since for light elements 3- and 4-prong stars 
are probably favored. The characteristics of gelatin stars will 
be compared with emulsion stars. 

* Research carried out under the auspices of the AEC. 


t Now at New York State College for Teachers. 
1S. J. Lindenbaum, Columbia University thesis, 1951. 


A3. Stars Induced by Mu-Mesons in Photographic Emul- 
sions. H. MorinaGa,* Jowa State Colleget AND W. F. Fry,t 
Iowa State College and the University of Chicago.§—Ilford C-2 
emulsions 400 microns thick were exposed to the 122-Mev 
external negative meson beam from the University of Chicago 
cyclotron. The emulsions, shielded from scattered mesons, 
were placed behind Cu absorbers which stopped essentially 
all of the x-mesons. A portion of the x-mesons decays in flight 
into w-mesons before entering the Cu absorbers. Some of the 
u-mesons have a range in Cu one inch greater than the range 
of the x-mesons. It is thus possible to separate the u-mesons 


from the x-mesons quite effectively. About 3 percent of the 
negative yu-mesons which stopped in the emulsion produced 
stars with tracks longer than 20 microns. This result is in 
agreement with preliminary observations reported earlier.’ 
A total of 150 stars have been observed, of which 132 have 
one prong, 12 have 2 prongs, 4 have 3 prongs, and 2 have 4 
prongs. The prong distribution’ and the energy of the charged 
particles from the meson induced stars indicate that the z- 
meson contamination is very small. The energy distribution 
of the protons and alpha-particles has been studied. 
* On leave from the University of Tokyo. 
} AEC Postdoctoral Fellow 
Supported in part by a grant from the Research  Cogpeenian. 
$ Supported by a joint program of the ONR and A 


Fry, Phys. Rev. 85, 676 (1952). 
1. ‘ Adelman and S. B. Jones, Phys. Rev. 75, 1468 (1949). 


A4. On the Analysis of V°-Disintegrations in Flight.* 
R. W. Toompson, C. J. KARZMARK, AND H. O. Coun, Indiana 
University.—In the analysis of disintegrations in flight of the 
type V-+p+x+(Q, where the Q values are small, it is pointed 
out that, although the proton momentum is higher than the 
meson momentum (in the approximate ratio of the masses) 
and therefore can be measured with correspondingly less 
accuracy, the calculated value of Q can be expected to be 
relatively insensitive to the measured proton momentum in 
most cases. A qualitative understanding of this result may be 
obtained as follows: The resolution of the meson momentum 
x into components x, and x, is not sensitive to the measured 
proton momentum ? since the direction of motion of the pro- 
ton is close to that of the V°-particle. Therefore x,’ is insensi- 
tive to p. However, cxz'=yo(crz—BoEx), where yo and Bo 
refer to the V°-particle, is sensitive to p. From considerations 
of solid angle, the most probable value of zz’ is zero, and in a 
majority of disintegrations x,’ <y’. Now if 8o (which is essen- 
tially derived from p) is too large, the calculated 7,’ is too 
negative, etc. Thus the calculated Q will usually show a mini- 
mum when considered as a function of p, and the effect of 
large errors in p is usually to raise the calculated Q. 


* Assisted by a grant from the Frederick Gardner Cottrell Fund of the 
Research Corporat on and by the Office of Army Ordnance Research. 


AS. Two Examples of V°-Decay Observed in a Multiple 
Plate Cloud Chamber.* G. W. Crark, M. Annis, H. S. 
Bripce, H. W. Courant, AND B. Rosst, M.J.T7.—With a 
multiple plate cloud chamber operated at ten thousand feet 
and triggered by a penetrating shower detector located above 
the chamber, several V°-decay events have been photographed. 
One example shows two tracks of minimum ionization diverg- 
ing from a point in the gas with an included angle of 3.7°. 
Both tracks traverse several lead plates scattering less than 
1° per plate. One track ends in an interaction which produces 
a multicore electron shower with no apparent associated 
penetrating particles. This shower develops to at least 20 
particles before passing out of the chamber. The other track 
cannot be followed beneath a lead plate where it may be lost 
in the electron shower. The second example shows an event 
which occurs in a lead plate and in which an ionizing particle 
produces a V° and one heavily ionizing particle of short range. 
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The V°-decays in the gas and gives rise to two lightly ionizing 
particles which diverge at wide angles from the direction of 
flight of the V°. 


* Assisted by the joint program of the ONR and AEC. 


A6. General Properties of V°-Particle Decay.* C. D. 
ANDERSON, R. B. Leicuton, F. H. SHELTON, AND S. D. WAN- 
LASS, California Institute of Technology—In 25,000 cloud- 
chamber photographs (magnetic field 5000 gauss) taken at 
sea level and at 5700 ft in a study of penetrating showers, 
136 V°-particle decays were observed.f More than 80 percent 
of the decays yield a light negative and a heavy positive 
particle. Where mass measurements are possible, these indi- 
cate that the negative particle is most often a x-meson but in 
some cases is probably a u-meson; the positive particle mass 
is often consistent with that of a proton, but sometimes seems 
somewhat lower (1200-1500 m,). In nine cases the mass of 
the positive particle is less than 700 m,, and in one of these 
the negative is greater than 1100 m,. There is little evidence 
that directly suggests a decay into two x-mesons,! although a 
few cases may be so interpreted. In the 55 cases where the 
origin of the V° could be located, measurements of ‘“‘coplanar- 
ity” and transverse momentum-balance are consistent with a 
two-body decay, but do not exclude certain other decay 
schemes, e.g., a cascade decay through an intermediate par- 
ticle of short lifetime and low excitation. 

* Supported in part by the joint program of the ONR and A 

t Seven V* and eleven V~ decays were also seen, most of w Nich yield 
charged secondaries of mass less than 500 m 

1 Armenteros, Barker, Butler, and Cachon, Phil. Mag. 42, 1113 (1951). 

. 

A7. Energy Release in V°-Decay.* S. D. Wan zass, R. B. 
LEIGHTON, W. L. ALForp, C. D. ANDERSON, AND F. H. 
SHELTON, California Institute of Technology.—The energy re- 
lease, or Q value, of V°-decay was calculated for 88 of the 
cases of the above abstract. A two-body decay into r+p 
was assumed for those cases which clearly indicate the presence 
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of a heavy positive particle. The Q values so obtained range 
from 10 Mev to over 250 Mev. A great majority of cases can 
be described in terms of two discrete Q-values, at 3523 Mev 
and 75+5 Mev, but not in terms of a single Q value near 45 
Mev,' because several cases of especially high quality seem to 
exclude the latter possibility. A continuous distribution with 
or without some discrete values cannot, of course, be excluded. 
It should be mentioned that, if the positive particle is assumed 
to be even as light as a «-meson (~1250 m,) and/or the nega- 
tive particle, a u-meson, the distribution of Q values is not 
greatly changed, and the apparent necessity for at least two 
Q values remains. 


* Supported in part by the joint program of the ONR and AEC 


1 Armenteros, Barker, Butler, and Cachon, Phil. Mag. 42, 1113 (1951). 


A8. Production of V°-Particles.* F. H. SHetton, S. D. 
WaANLass, AND R. B. Leicuton, California Institute of Tech- 
nology.—In 32 of the above cases, the V°-particle was pro- 
duced in a nuclear event in a 2.5-cm thick lead plate inside the 
cloud chamber. Four of these events were initiated by neutral 
particles, four by charged particles occurring alone, and 24 by 
charged particles which were themselves secondary particles 
from nuclear events occurring in the lead above the chamber. 
The relative numbers produced by neutral and by charged 
particles suggest that the majority of V°-particles are produced 
by mesons rather than by nucleons. The angular distribution 
of the V°-paths with respect to the direction of the initiating 
particle is essentially constant from 0° to 20°, where it drops 
sharply by about a factor of three, and again is essentially 
constant to about 50°, beyond which no cases have been found. 
This suggests the presence of two types of V°-particles, and 
a preliminary analysis indicates that the group with the 
higher cut-off angle is identifiable with the 3543 Mev group 
of the previous abstract. The energies of the initiating par- 
ticles, estimated by various methods, range from at least 5 
Bev to more than 25 Bev. 


* Supported in part by the joint program of the ONR and AEC. 


THURSDAY MORNING AT 10:30 


Shoreham, Main Ballroom 


E. M. McMILLAN presiding) 


Apparatus of Nuclear Physics 


B1. An Electron Cyclotron (Microtron) for 3-cm rf Opera- 
tion. H. F. Katser, Naval Research Laboratory.—The mi- 
crotron, an electron accelerator first proposed by Veksler and 
by Schwinger, and first successfully operated in the 10-cm rf 
band by Redhead, McCain, and Henderson,! has the possi- 
bility of development as a very compact electron accelerator 
Designating the ratio E,/r; (final total electron energy/final 
orbit radius) as a quality factor for compactness, then 


+C; C: 
. M T(N—M)’ 


where 7» is the fundamental rf period, M the integral number 
of fundamental periods in the first (injection) orbit N that 
for the first orbit after injection, and C; and C; the energy 
fractions of Ey= M,C? imparted to the electron in the re- 
spective orbits. Ey/r; can be improved by decreasing 7» and 
increasing C, and C;, subject to limitations set by electron 
radiation and by pulsed magnetron power sources operating 
into cavity resonators. The above will be discussed together 
with changes required for operation in nonuniform (focusing) 


Ey/r;~H 


magnetic fields. A description of a 3. cm microtron and results 
obtained to date will be given. 


1 Redhead, McCain, and Henderson, Can. J. Research 23A, 73 (1950). 


B2. Theoretical Study of a Modified Cockroft-Walton High 
Tension Generator. Paut Lorrain, University of Montreal, 
EpGAR EVERHART, University of Connecticut, AND RENE A. 
Bé1QuE, University of Montreal.—The output voltage at no 
load, taking into account the stray capacities of the rectifiers, 
has been calculated by considering the voltage multiplying 
circuit as a lumped-parameter transmission line. The calcula- 
tions give the inverse voltage on the rectifiers, the rf currents 
in the condensers and the input capacity. It is shown that the 
output voltage can be increased considerably by loading the 
circuit at the high voltage end with a coil of the proper in- 
ductance. the rf is fed push-pull to the voltage multiplying 
circuit and the high tension is drawn from a center-tap on the 
loading coil. The voltage gain and the effciency of the input 
rf transformer have also been calculated. 
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B3. New Equipment and Methods Used with the Argonne 
Fast Neutron Chopper. L. M. BoLiincer, S. P. HARRIS, AND 
R. W. SCHUMANN, Argonne National Laboratory.—A new 100- 
channel time analyzer has been put into operation for measur- 
ing the time of flight of the neutrons issuing from the Argonne 
fast neutron chopper; the analyzer has been in use for two 
months without revealing any basic weaknesses in conception 
or design. The fundamentals governing its operation, which 
n principle result in exactly equal channel widths, will be 
discussed. A new chopper, with properties similar to the 
Argonne chopper previously described,' is also in use. The 
greater neutron flux passed by this chopper and the reliability 
of the new time analyzer now make it feasible to use a neutron 
flight path that is longer than the 10 meter path employed until 
recently. Difficulties that are produced by a longer flight path 
will be discussed and some neutron transmission measure- 
ments using a 20-meter flight path, which results in a resolu- 
tion of 0.5 usec per meter, will be given. 

1W. Selove Phys. Rev. 84, 869 (1951). 

B4. A First-Order Theory for the Ion Optics of Van de 
Graaff Accelerators.* M. M. Evxinp,+ M.J.7.—The design 
of ion optical systems for long high voltage tubes has relied 
upon experimental work which usually did not distinguish 
between the source and tube optical properties. McKibben! 
first recognized and described the tube’s optical elements. 
This analysis is based upon a more accurate description of 
these elements leading to nondimensional relationships for 
focusing, magnification, and the radius of the beam along the 
tube. The need for a similar description for the source and its 
electrodes is shown, and a method of analyzing a simple versa- 
tile source system is given. The theory is illustrated by its 
application to the Rockefeller accelerator at M.I.T., leading 
to computed focusing voltages agreeing with those used. This 
work was undertaken for, and successfully applied to, the 
recently completed ONR accelerator at M.I.T. 


* This work has been partially supported by the joint program of the 
ONR and AI 
t From Bioy 


yhysics Section, National Cancer Institute Bethesda, Mary 


land : 


1J. L. McKibben, LADC Report No 604 (1949). 


B5. An rf Ion Source with Transverse Magnetic Field.* 
J. S. SWINGLE, JR.,f AnD C. P. Swann, Bartol Research Founda- 
tion.—An rf ion source operating with a transverse magnetic 
field has been developed for use in the Bartol Van de Graaff 
accelerators. The transverse field is of the order of 9 gauss 
and is obtained from permanent magnets. The rf is about 
25 mc. The application of the magnetic field reduces the power 
required by the oscillator to about 40 percent of the power 
required without the field. Sixty microampere beams, 80 
percent of which were protons, have been obtained on a bench 
set-up, the gas flow being less than 1 cc per hour. Initial tests 
of the ion source in one of the Bartol accelerators resulted in 
30 microamperes of total current focused into a spot about 
fy in. in diameter. The voltage on the machine during this test 
was approximately 500 kv. The power supplied to the oscilla- 
tor in this case was only 85 watts. 


* Assisted by the joint program of the ONR and AEC. 
t Now at the University of Virginia. 


Bo. A Monitor for Low Intensity Beta-Radiations. AARON 
P. SANDERS, Brookhaven National Laboratory.—A beta-sensi- 
tive radiation monitor has been constructed for use in study- 
ing the argon-41 activity, at nearby points, due to the cooling 
air from the Brookhaven Pile. The chamber of the existing 
Dynamic Condenser Electrometer' has been modified to have 
a wall density of 3.5 mg/cm*. The beta-sensitive instrument 
has been calibrated in a closed room using Pile activated 
argon-41. An analytical treatment has been used to allow for 
the finite size of the room, the correction being only 0.5 
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percent. A correction was made for leakage of A“ from the 
room. The monitor is found to have a beta-sensitivity of 
20.0u-rep/cycle of the recorder and a gamma-sensitivity of 
4.85y-rep/cycle. Beta-dosage rates from 1.0u-r/hr to 1400y- 
r/hr may be measured. Further modification of the elec- 
trometer would allow an extension of range. A summary of 
beta-background data and a comparison of field data with 
meteorological dosage calculations will be given. 


iJ. B. H. Kuper and R. L. Chase, Rev. Sci. Instr. 21, 356-359 (1950). 


B7. Thermal Neutron Flux Distribution in the Oak Ridge 
Uranium-Graphite Reactor. Harry H. HuBBELL, JR., Oak 
Ridge National Laboratory.—With the cooperation of the Oak 
Ridge School of Reactor Technology, a method has been de- 
vised for making a rapid survey of the thermal neutron flux 
in certain holes in the Oak Ridge National Laboratory Natural 
Uranium-Graphite Reactor. A 10-mil copper wire is drawn 
rapidly into the reactor by a rabbit in the fast pneumatic 
tube, or lowered with a weight on the end into a vertical hole. 
The wire is irradiated for half an hour, then reeled out onto a 
special lead-shielded reel. The decay of the five minute half- 
life Cu® is followed for an hour to check the linearity of the 
instruments, then the wire is pulled slowly and uniformly 
past a beta-proportional counter. The counting rate due to 
the 12-hour half-life Cu® as a function of position is plotted 
directly by a special linear scale count rate meter driving a 
chart recorder. The recorder thus plots the flux of neutrons, 
chiefly thermal, which activate the Cu® as a function of posi- 
tion in the reactor. The cosine distribution, a large depression 
in flux due to a control rod, and the small depressions due to 
the metal slugs show up very plainly. 


B8. Irradiation Chamber for 100-Curie Cobalt 60.* M. A. 
GREENFIELD, L. B. SILVERMAN, AND R. W. DICKINSON, 
University of California at Los Angeles—A chamber has been 
designed and built to house a 100-curie source of cobalt 60. 
The chamber and cobalt source are to be used to irradiate 
chemical or small biological samples. The main features 
achieved are the following: (a) Over-all size and weight: 
34 ft diam X44 ft high; 8 tons. (b) Basic lead thickness for 
shielding : 84 in. (c) Size of working space: cylinder with 22-in. 
diam, 12 in. high. (d) Size of access door: 9 in. X11 in. (e) Posi- 
tion of cobalt source: (in use) centrally lowered from top, 
giving 360° availability for samples; (in storage) removed to 
turret above working space. (f) Radiation levels for personnel : 
(in use) average reading at external surface of chamber is 
1 mr/hr; (in storage) average reading at external surface of 
chamber is background. (g) Radiation levels for samples: 
30 r/min to 5000 r/min. (h) Time required to load or unload 
samples: 10 to 15 sec. 


* This report is based on work performed under Contract between the 
AEC and the University of California at Los Angeles. 


B9. A Thirty-Channel Pulse-Height Discriminator Based 
on a Cathode-Ray Tube. H. W. FuLpricut anp J. A. Mc- 
Cartuy, University of Rochester, AnD C. W. McCutTcHEN, 
Brown University.—A thirty-channel differential pulse-height 
analyzer for use in nuclear investigations has been built, and 
after being tested in operation over the past eight months has 
been found to be very satisfactory. Its design is based upon 
the stability of the deflection characteristic of a cathode-ray 
tube operated under constant accelerating and focusing volt- 
age conditions. The incoming pulse is shaped, then applied to 
the vertical deflection plates of a SRP11A tube, whose beam 
is normally kept cut off by negative grid bias. After the maxi- 
mum of the shaped pulse has arrived, an intensifier signal 
turns on the beam and the bright spot moves down the screen 
to its undeflected position, passing behind a series of opaque 
strips so distributed that the number of light flashes emerging 
is proportional to the height of the incoming pulse. A photo- 
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multiplier transforms the flashes into electrical pips which are 
counted by a fast scale of 32 counter, whose state is then 
sampled by coincidence circuits which cause the appropriate 
channel to record an event. Reset impulses then return the 
instrument to its normal state. Additional channels recording 
the total number of incoming pulses and the number of over- 
sized pulses are included. 


B10. The Construction and Operation of a High Pressure 
Diffusion Cloud Chamber.* James M. Wyckorr,t University 
of Rochester.—A diffusion cloud chamber has been built of 
stainless steel with Herculite glass windows capable of oper- 
ating at pressures up to 50 atmospheres. Cosmic-ray tracks of 
excellent quality have been observed with methanol vapor in 
helium at 35 atmospheres and only a slight reduction in qual- 
ity was noticed at 50 atmospheres. Cosmic-ray tracks of 
excellent quality have also been observed in hydrogen at 50 
atmospheres. Though many aspects of Schutt’s theory! are 
observed to hold, these pressures are well above the predicted 
limiting pressures. Sensitive depth remained about two inches 
in the six-inch-deep chamber. The reduction in vapor avail- 
ability as well as an increase in the number of ion pairs per 
unit track length with pressure increase was evidenced in 
several ways. Some of the construction features of this chamber 
will be discussed including a discussion of the roll of a clearing 
field in a diffusion cloud chamber. 

* Research supported in part by the AEC 


t Now at the National Bureau of Standards, Washington, D.C 
1 See R. P. Schutt, Rev. Sci. Instr. 22, 730 (1951). 


B11. Loading of Photographic Emulsions with Light Ele- 
ments.* S. GOLDHABER AND G. GOLDHABER, Columbia Uni- 
versity.—Ilford G-5 nuclear emulsions loaded with H,O, D,O, 
and glycerine (C;H;(OH),;) have been found to retain their 
property of recording minimum ionization particles. Water 
and heavy water were introduced by the well-known “soaking 
technique”; however, the introduction of glycerine required 
a presoaking in water followed by a prolonged immersion in 
glycerine. The introduction of glycerine provides a method 
of increasing the relative concentration of the carbon, hydro- 
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Taste I. Typical soaking data for 600 «-Ilford G-5 emulsions. 
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time temp 
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Hs 1.46 g eee one 2 10 2.3 
DO 1.23 eee eee 2 10 2.0 
Glycerine 1.14 s 16 17 18 











gen, and oxygen content of the emulsion (a weight percent 
increase up to a factor of 2 can be obtained). Such plates 
prove to be stable for several days. The calculated range as a 
function of glycerine content was checked with mu-meson 
tracks from the pi-mu-decay and better than 5 percent agree- 
ment was obtained. One gram of glycerine/cm? of dry emulsion 
changes the mu-meson range from 597 to 730 microns. 


* This work was performed under the joint program of the AEC and ONR. 


B12. A Fast Neutron Scintillation Spectrometer. James E. 
DrareR AND Boyce D. McDaniet, Cornell University —A 
coincidence spectrometer is being tested to measure complex 
spectra of 2-20-Mev neutrons. Proton recoil pulse heights in 
the first of two 1.25 in. X0.75 in. stilbene crystals are measured 
in coincidence with a pulse in the second, the coincidence and 
source-crystal geometry defining the neutron scattering angle. 
A 3X10~* sec coincidence circuit affords a negligible chance 
coincidence rate. At 45° with a geometrical resultion of 20 
percent full width the fraction of first crystal recoils producing 
coincidences is calculated as 0.810-*. The instruinent was 
tested with Co® gamma-rays for resolution, resolving time, 
effect of the cyclotron magnet and the rf. Then it was tested 
with monoergic 15-Mev T*(d, m) and 2.5-Mev D(d, ) neutrons 
from the little cyclotron. With a 15 percent channel width the 
full width at half-maximum of the T*(d, ») peak has been 3 
channels—somewhat greater than the geometrical plus photo- 
multiplier width. This peak shifted in energy with neutron 
recoil angle in the expected manner. The competing effects 
of gamma-ray background were found small with Pb and 
paraffin absorbers of equivalent thickness for gamma-rays. 


THURSDAY MORNING AT 10:30 


NBS, Chemistry Lecture Room 


(J. G. K1trKwoop presiding) 


Chemical Physics, Biophysics, General Physics 


Cl. Equilibria in Liquids. II. Liquid-Vapor Systems. 
GEorRGE ANTONOFF.—Whereas separation into two liquid 
layers with the formation of the complex Z is very rare, pure 
liquids follow its pattern universally. Properties of liquids 
versus temperature invariably exhibit ‘‘kinks.”* In conditions 
of equilibrium the kinks are reproducible. Equilibrium is 
easily attained if liquids contain gases or other matter dis- 
solved in them. Liquids deprived of gases are liable to remain 
in oversaturated states and do not show normal characteris- 
tics. Thus, the freshly purified liquids should not be used for 
these experiments. Dilatometric method is not recommended, 
because gases break the column in the capillary. If liquid 
stands several days in the thermostat, it acquires normal 
properties. In equilibrium, kinks will invariably appear in the 
same places corresponding to simple values of X, showing 
that we deal with a true law of nature. The complexes formed 
at the kinks are held together by van der Waals forces only 
and thus have no stability of chemical compounds. They 


cannot be separated—they can only exist in equilibrium con- 
ditions. We designate them by the name aggregates. 


* Compt. rend. 3/ XII (1951); J. Chim. Phys. (Paris) (February, 1952). 


C2. The Forces between Acetone Molecules. VERNON 
Myers. The Pennsylvania State College-—The long-range 
forces between acetone molecules are calculated from the 
dipole moment and optical dispersion data, and the short- 
range repulsive forces are estimated from second virial co- 
efficients. The long-range forces are given by V= —4.69(R-* 
+R-5)(2cos@; cos@,— sin; sin#, cos¢) — (533R-*+-1210R-*) ev, 
R in A. R is the distance between molecular centers; 6, and 02 
are the angles between the respective dipoles and R, and @ 
is the relative azimuth for the dipoles. The term in R-§ is 
included to account approximately for dipole-quadrupole 
interactions. If the repulsive forces are approximated by a 
hard sphere model, a molecular diameter of 4.35A gives the 
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best agreement with experiment. Results will also be shown 
for an exponential repulsion. 


C3. Separation of Trace Elements in Minerals with Resin 
Ion Exchange Columns. L. T. ALpricu, L. F. HErzoc, P. H. 
ABELSON, AND E. T. BoLton, Carnegie Institution of Wash- 
ington—To the physicist the problem of separating trace 
quantities of any element from bulk minerals for mass spec- 
trometric analysis is usually sufficient to insure collaboration 
with a chemist. Our particular interests were in completely 
separating Rb from Sr, K from Ca, and Sr from Ca in order 
that analyses may be made on Rb, Ca, and Sr samples of 
50 wg or less. Two problems make these separations essential. 
One is that of interference in the mass-spectrograph measure- 
ment of Sr and Ca due to small amounts of neighboring alkali 
metals always found in standard separations of Groups I and 
II of the periodic table. The other is that of saturation in the 
ion source with resultant loss of sensitivity when the element 
to be analyzed is 1 percent or less of the sample to be analyzed 
even if the sample is all Group I or Group II. Resin ion ex- 
change columns have been shown to be especially useful in 
separating the rare earth elements. Separations of the alkali 
metals and alkaline-earth metals within each group have been 
reported. The methods within the two groups were enough 
different that they could not be applied to separation between 
the groups. We have worked out a simple procedure for 
separating (a) Groups I and II from the bulk mineral, (b) 
Groups I and II from each other, and (c) the elements within 
each group, using resin columns with various properties. 
These methods have been used in a routine procedure to ex- 
tract Sr to study the variation of the isotopic abundances of 
Sr in the minerals, biotite, celestite, and lepidolite. 


C4. The Energy Requirements for Bacterial Motility. 
HaroLp J. Morowitz, National Bureau of Standards.—The 
power, P, necessary to sustain bacterial motility in an aqueous 


medium is given by the following expression : 
pa Sren(ab)i(1~H) 
1+(1—p))’ 

pt |n————— 


where v is the velocity of the bacterium, 7 the viscosity of the 
medium, ) the equatorial semi-axis, a the semi-axis of revolu- 
tion, and p the ratio b/a. Substituting the experimentally 
observed values for B. subtilis and correcting approximately 
for the drag of the flagella and the inefficiency of the process, 
the total power required is about 75 electron volts per second. 
The motile energy is assumed to come from high energy 
phosphate bonds (AF~0.4 ev). Approximately 200 high 
energy bonds are therefore required per second to maintain 
the motion. The bacterium under consideration has between 
10 and 20 flagella which flick between 10 and 20 times a second 
or a total of between 100 and 400 flagellar flicks per second. 
rhe correspondence of this number to the number of bonds 
reacting per second makes plausible the hypothesis that each 
flagellar flick is the result of the metabolic hydrolysis of one 
high energy phosphate bond. This would provide a unique 
case in which the reaction of a single chemical bond could be 
followed by observing its end effect in a biological system. 


CS. Inactivation of Southern Bean Mosaic Virus by Deu- 
terons. E. C. PoLLarp, Yale University* AND A. E. Dimonp, 
Connecticut Agricultural Experiment Station —Studies of 
southern bean mosaic virus in solution indicate that it is quite 
accurately spherical, with radius 149A and an internal hydra- 
tion of 0.57 gram of water per gram of dry virus. When dried 
for the purpose of electron micrographs the radius shrinks to 
about 125A but the spherical shape is retained. In view of the 
fact that bacterial viruses show a relatively small cross sec- 
tion for inactivation by deuterons, while tobacco mosaic 
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virus has nearly its whole area sensitive to deuteron passage, 
a trial for a second plant virus is of interest. The results show 
that the cross section is 3.8 10~ cm? for a deuteron of 3.5 
Mev. The equivalent radius, together with some comparative 
values for other viruses are given in Table I. 

It begins to appear, therefore, that plant viruses have a 
greater radiation sensitivity per unit volume than bacterial 
viruses. 


* Assisted by the AEC. 


C6. On the Size, Shape, and Hydration of Tomato Bushy 
Stunt Virus. PAUL KAESBERG, Department of Biometry and 
Physics, AND J. A. ANDEREGG, B. R. LEONARD, AND W. W. 
BEEMAN, University of Wisconsin.—We have measured the 
angular distribution of x-rays scattered from dilute solutions of 
tomato bushy stunt virus in order to determine the size and 
shape of the virus in solution. These results were compared 
with sedimentation, diffusion, and electron microscope data 
to determine hydration. The x-ray data show that the virus 
in solution is nearly spherical, having a diameter 320+10A. 
The scattering curve beyond the third maximum does not 
agree with the theoretical curve for spheres of uniform elec- 
tron density indicating that the particles may not be of con- 
stant density. The volume corresponding to a 320A sphere is 
17.2-10° A*. The volume of the dried virus material as deter- 
mined by sedimentation and diffusion and also by microscopy 
is 12.3-10° A’, The difference in these volumes—4.9-10® A3— 
is the volume occupied by water in the interior of the virus. 
Since the volume in solution is greater than the volume of the 
dried particle as determined by microscopy, the virus must 
shrink when drying, rather than maintaining a rigid structure 
as the water is removed. We are indebted to Professor Robley 
Williams for giving us some of his purified virus preparations. 


C7. Small-Angle X-Ray Scattering from Serum Albumin 
Solutions. J. W. ANDEREGG, W. W. BEEMAN, Department of 
Physics AND S. SHULMAN, University of Wisconsin.—An in- 
vestigation has been made of the angular distribution of x-rays 
scattered at small angles by dilute solutions of bovine and 
human serum albumin (mercaptalbumin). A rotating anode 
x-ray tube and slit collimating system provided an intense 
beam with low background and permitted measurements to 
be extended to very dilute systems. This was found important 
in eliminating interparticle interference effects. The slope of 
the scattering curve at the smallest angles gives the radius of 
gyration of the scattering particle. When extrapolated to 
infinite dilution the results for the radii of gyration of human 
and bovine serum albumin are 31A and 294A, respectively. 
Taking an average value of 30A and a molecular weight of 
69,000 and assuming an ellipsoidal model this result indicates 
an axial ratio of 3.5 to 1 if the molecule is prolate and 1 to 5 
if oblate. The data at larger angles give an independent check 
of the particle shape and agree best with an oblate ellipsoid 
of about axial ratio 4. This could indicate that the molecule 
swells in solution. Other interpretations, including the possi- 
bility of a real difference between bovine and human serum 
albumin, will be discussed. 


C8. Interferometer Method of Recording Sedimentation in 
the Ultracentrifuge.* A. Ropeson, N. Snipow, AND J. W. 
Beams, University of Virginia.—Two sector shaped cells 
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mounted side by side in the ultracentrifuge rotor are sealed 
by the same pair of quartz windows. Monochromatic light 
from a timed spark is split into two beams, one of which passes 
through the first cell containing the solution where sedimenta- 
tion takes place while the other passes through the second cell 
which contains the solvent only. The two beams then are re- 
combined to form interferometer fringes. The beam splitter 
consists of a half silvered and a full silvered mirror with their 
silvered surfaces parallel. The beams are recombined by a 
similar arrangement except the two surfaces may be slightly 
tilted with respect to each other. By proper adjustment the 
ultracentrifuge cell and the fringes are focused sharply on the 
photographic plate. A second pair of cells containing the 
solvent only are mounted in the rotor in place of the usual 
dummy. This provides reference fringes from which the fringe 
shifts due to sedimentation are measured. Strains in the 
windows are approximately compensated and high precision 
is obtained. 


* Supported by Navy Bureau of Ordnance. 


C9. Radiation Loss from the Atmosphere.* GitBertT N 
Piass, The Johns Hopkins University—The radiation loss 
from a layer of the atmosphere can be calculated in principle 
from the intensities and positions of the spectral lines. In 
practice such factors as the different line intensities and half- 
widths; the overlapping of the lines; the asymmetry and shift 
of the lines; the dependence of half-width on pressure, make 
accurate theoretical calculations difficult. However, starting 
from the results of laboratory absorption experiments, it is 
possible to derive the radiation loss from the atmosphere, 
taking into account all the factors mentioned above that cause 
difficulty in the usual theoretical treatment. A simple integra- 
tion of the absorption data gives the radiation loss directly 


The only approximations made in this derivation are to 
neglect the temperature dependence and to assume that the 
band can be divided into various frequency intervals, each 
of which contains predominately weak or strong lines. A line 
is termed ‘strong’ when the dimensionless quantity y, intro- 
duced by Strong and Plass,' is greater than one. It is possible 
to decide experimentally when this approximation is valid. 
Applications to the CO, and H,O bands will be discussed. 


* This work was supported by the ONR. 
1 J. Strong and G. N. Plass, Astrophys. J. 112, 365 (1950). 


C10. The Relation of Tooth Surfaces to the Stability of 
Artificial Dentures. R. S. LepLey.—It is estimated that be- 
tween 1 and 1} million dentures are made in the United 
States yearly. Perhaps the most important requirement of 
artificial dentures is stability under the forces of mastication. 
The direction of forces of food on surfaces of denture teeth 
during physiologic chewing processes presents a real bio- 
physical problem greatly influencing denture stability. It has 
been demonstrated that the direction of these forces with re- 
spect to the horizontal is 


K tanS+tan(M-—S) 
K-—tan(M-—S)tanS’ 





tanF= 


where S is the mean slope of the tooth surface, M, the direc- 
tion of jaw movement during chewing, and K, a constant. 
However, the direction of motion during chewing is given by 
the patient’s habits, and the force direction thus depends on 
the setting of the tooth surface slope. For given direction of 
chewing, M, the tooth surface slope must be between tanS 
= (})[((1—K)tanM+((1—K)* tan?M—4K)*] so that the re- 
sulting force will tend to stabilize the denture. 


THURSDAY MORNING AT 10:30 


NBS, Materials and Testing 


(R. J. DoLECEK presiding) 


Invited Papers in Cryogenics 


CAl. The Isotope Effect in Supraconductivity. E. MAXweELL, National Bureau of Standards. 


(30 min.) 


CA2. Paramagnetism below 1°K. DirK DE KLERK, University of Leiden. (30 min.) 


THURSDAY MORNING AT 10:00 


Shoreham, West Ballroom 


(G. BREIT presiding) 


Nuclear Theory 


D1. On the Process of Binary Fission. T. D. NEwron, 
Chalk River Laboratories.—The fission process is described by 
the usual nuclear parameters. The basic assumption required 
is that from the stage just preceding complete separation the 
fragments have characteristics sufficiently definite for their 
motion to be described by a wave equation. The reduced 
fission width is supposed to be the same for all modes of in- 
terest. The penetration factor, which arises because the frag- 


ments still have to penetrate a Coulomb barrier, is critical 
and must be evaluated taking into account the large values of 
Kr and 2Z’e*/hv. The total width for production of fragments 
of a given mass ratio involves a sum over the energy states of 
the fragments. Near the effective threshold the resultant width 
function varies like the experimental thermal fission yield 
curve. The small corrections needed are obtained from the 
additional stability of magic number nuclei. This shape is 
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extremely sensitive to energy and symmetrical fission becomes 
most probable at energies slightly above the effective threshold. 
Since fission is a slow process, a highly excited nucleus wiil 
first evaporate neutrons; subsequent fission will tend to be- 
come symmetrical as the ratio Z*/A increases. 


D2. Detection of Nuclear Magnetic Octopole Interaction.* 
Joun Levinson, Alfred University.—Results are presented of 
a search for elements most likely to show nuclear magnetic 
octopole interaction in atomic beam magnetic resonance ex- 
periments. They are largely negative. The work of Casimir 
and Karreman! was combined with the method of Goudsmit® 
to obtain octopole-to-dipole interaction ratios for various 
normal and metastable states. States having a special type of 
axial symmetry could have finite octopole interaction with 
zero dipole interaction. No such states were found. It should 
be noted, however, that elements do have higher interaction 
ratios if they have (1) high atomic number, (2) p valence elec- 
trons, and (3) high nuclear and electronic angular momentum 
quantum numbers. Thus, bismuth is favorable according to 
the above criteria. Indium is another good choice, yet Mann 
and Kusch* found no significant octopole interaction. This 
may simply mean that indium nuclei have little or no octopole 
moments. 

* Work begun at M.I.T. Completed at Alfred University with assistance 
from the Alfred University Research Foundation. 

1 Casimir and Karreman, Physica IX, 495 (1940). 


2S. Goudsmit, Phys. Rev. 37, 663 (1931). 
* A. R. Mann and P. Kusch, Phys. Rev. 77, 427 (1950). 


D3. On the Theory of Nuclear Reactions. H. Fesupacu, 
C. PorTeR, AND V. F. Wetsskopr, M.J.7.—The theory of 
the compound nucleus assumes an immediate coagulation of 
the incident particle with the target nucleus in a nuclear 
reaction. This assumption leads to an approximate propor- 
tionality of neutron width to level distance and to a definite 
expression &, for the total cross section as function of energy 
in disagreement with experiments by Barschall and co- 
workers. In fact, these experimental results resemble curves 
expected from a scattering by a simple potential hole. We 
investigated the following modification of the compound 
nucleus hypothesis: We assume that the incident particle 
moves within the nucleus freely in a potential hole and that 
there exists a probability P for the formation of a compound 
nucleus during one traversal. The original theory corresponds 
to P=1. For intermediate P, the total cross section lies be- 
tween @; and the potential hole values. This is in agreement 
with experiment. The neutron width is increased relative to 
the original theory in the region where the total cross section 
is larger than &, and decreased in the opposite case. Hence, 
evidence may exist for slower formation of the compound 
nucleus than has hitherto been assumed. 


D4. Neutron Inelastic Cross Sections for Excitation of 
Single Levels of Middle-Weight Nuclei. James E. MoNAHAN,* 
Argonne National Laboratory.—Feld et al.! have derived an 
expression for the inelastic cross section for excitation of a 
particular level of middle-weight nuclei which can be applied 
rather simply to (m,) reactions in which only one or two 
levels of the residual nucleus are excited. The published calcu- 
lations' based on this expression are limited to extremely un- 
favorable nuclear transitions at comparatively low energies; 
the resulting inelastic cross sections are negligibly small com- 
pared with the corresponding total cross sections. These 
calculations have been extended to include more favorable 
the resulting single 
level inelastic cross sections (~0.1 to 1.0 barn) represent an 
appreciable fraction of the total cross section in most cases. 
Also cross sections for excitation of two levels have been calcu- 


transitions at higher neutron energies; 
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lated as a function of the energy of the incident neutron for 
two combinations of level parameters. 


*On leave from St. Louis University, St. Louis, Missouri, 


under the 
participating institution program 
1 Feld, Feshbach, Goldberger, Goldstein, and Wetataet. “Final Report 
of Fast Neutron Data Project," USAEC Report NYO-6. 


DS. Direct Interaction and Compound Nucleus for 14-Mev 
Neutrons. H. McManus AnD W. T. SuHarp, Chalk River 
Laboratories.—For elements with A>80, (nm, a) and (n, p) 
cross sections at 14 Mev are! orders of magnitude larger than 
predicted by the Weisskopf theory,? while (, 2m) cross sec- 
tions are! essentially in agreement. This suggests that an 
incoming 14-Mev neutron has a significant chance of inter- 
acting directly with the individual nucleons in the target 
nucleus without formation of a compound system. We have 
made estimates of the cross section due to such an effect using 
a square well individual particle model for the nucleus and a 
perturbation calculation similar to that of Courant.? The 
results are insensitive to the choice of nuclear parameters 
but depend critically on the reaction Q values. A 5 to 10 
percent probability for such a direct interaction suffices to 
explain the observed (mn, p) cross sections: For A <80 the 
compound nucleus contribution to the cross section pre- 
dominates. 

1 E. B, Pauland R. L, Clarke, Bull. Am. Phys. Soc. 27, No. 1, 3) (1952). 


? Blatt and Weisskopf, M.I.T. Technical Report, No. 42 (May, 1950). 
3 ernest D. Courant, Phys. Rev. 82, 703 (1951). 


D6. A Collective Description of Nucleon Interactions. 
MELVIN FERENTZ AND Davip Pines, University of Pennsyl- 
vania,—The behavior of an infinite nuclear medium, with a 
density equal to that of a real nucleus and with typical central 
exchange nuclear forces, is analyzed in terms of the nucleon 
spin and isotopic spin density fluctuations. Because of the high 
density and strength of interaction the system exhibits some 
collective behavior despite the short range of the nuclear 
interactions. A treatment similar to that used by Pines and 
Bohm! for dense electron gases is applied. We find that, under 
certain circumstances, the fluctuations in spin and isotopic 
spin density have an oscillatory behavior. An approximate 
dispersion relation for these oscillations is obtained. Within 
this approximation, one can express the Hamiltonian of the 
system as the sum of three terms, one of which involves only 
these oscillatory collective coordinates. The remaining terms 
represent the kinetic energy of the individual particles and 
the residual interparticle forces. An incident fast nucleon can 
lose energy in traversing the nuclear medium by exciting these 
oscillatory modes, and the energy lost in this manner per unit 
distance has been calculated. Further applications of this 
approach, and the extent to which it may be applied to real 
nuclei, will be discussed. 


1D. Pines and D. Bohm, Phys. Rev. 85, 338 (1952). 


D7. (Abstract withdrawn.) 
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D8. Interaction Contributions to Magnetic Moments of 
Nuclei. L. SprucH AND A. RusseK, New York University.— 
An arbitrary linear combination of the three phenomeno- 
logical interaction moment operators, which can arise from a 
charge exchange potential in a lowest order meson theory, is 
used. With few assumptions about the operator radial func- 
tions and the nuclear core, the interaction contribution in 
nuclear magnetons of an odd A nucleus with the odd nucleon 
in the state /, 7 can be written 


M(int) = 31[ — ea(o.)— (8/(2j +2))(e+4(@-1)) +7(l,)], 


where I(odd 2) =(N/A)(a/ro)’, I(odd N) ~ —(z/A)(a/ro)® 
(crudely), ¢ is close to 4, a is the nuclear range, and ro=e?/ 
(2mc*). The predictions that, for the same / and j, odd z 
nuclei give slightly larger contributions than odd N nuclei 
and that the addition of two nucleons of the ‘‘odd” type 
pushes the moment towards the Schmidt lines are in over-all 
agreement with the data. Actual calculations using the inde- 
pendent particle model give J=.1, e=5. a=2.3, B= —3.5, 
and y=0.4 then roughly match the data. 


D9. On the Fermi-Thomas Model of the Nucleus. R. J. 
RIDDELL, JR., University of California, Berkeley.—Qualitative 
arguments have indicated that the saturation phenomena of 
the nucleus could not be explained by the choice of a purely 
attractive potential of the Serber exchange type, although this 
is required to fit the high energy nucleon-nucleon scattering 
data. However, it was felt that a semiquantitative treatment 
of the nucleus by means of the Fermi-Thomas model perhaps 
would be worth while, and in addition might indicate what 
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changes in the potential could be made to obtain agreement 
with experiment. By use of a Yukawa potential, which is 
particularly well adapted to the Fermi-Thomas model, it was 
found that all of the terms were of the same order for nucleon 
densities of interest, in opposition to the atomic case, in which 
the exchange terms are only a perturbation. An exact solution 
of the equation including these terms would be very difficult 
to obtain, and so to estimate the validity of the method a 
uniform density distribution was introduced. In this case, 
the stable nuclear radius was smaller than the range of the 
potential. An attempt to produce saturation by adding a re- 
pulsive core of shorter range will be discussed. 


D10. The Scattering of Neutrons by Systems of Nuclei. 
Roy J. Grauser, California Institute of Technology.—In 
scattering by a bound aggregate of nuclei, a neutron interacts 
with the quantized vibrational modes of the system. A closed 
expression is derived for the differential scattering cross sec- 
tion in the presence of this interaction which is valid for all 
neutron energies and all vibrational temperatures of interest. 
This result agrees with and extends those already known in 
diverse energy and temperature limits. For scattering by 
crystals the expression for the cross section may be shown to 
sum the effects of the emission and absorption of arbitrary 
numbers of lattice quanta (phonons). In the transition to high 
energies the Laue spots become Gaussian in shape and in- 
crease in number and width—until in the limit in which inter- 
ference effects are negligible, the scattering cross section ap- 
proaches that of free nuclei with the correct reduced mass. 
The calculation has been based on some methods of treating 
processes involving a multiplicity of bose-particles,! which are 
here construed as excitation quanta. These methods are 
applicable as well to the treatment of electron and x-ray 
diffraction. 


R. J. Glauber, Phys. Rev. 84, 395 (1951). 


THURSDAY MORNING AT 10:30 


NBS, East Building Lecture Room 


(J. H. VAN VLEcK presiding) 


Semiconductors 


El. On the Diffusion Theory of Noise in Rectifiers and 
Transistors. RicHARD L. Petritz, Catholic University and 
U. S. Naval Ordnance Laboratory.—Macfarlane' has recently 
proposed a diffusion theory of contact noise in semiconductors. 
We were making a similar investigation at the time that 
Macfarlane’s paper appeared and had carried out the Fourier 
transform directly on the solution of the diffusion equation 
and then made the spacial integration obtaining expressions 
for the power spectrum for the one-, two-, and three-dimen- 
sional cases. There is a discrepancy between our result and 
Macfarlane’s for the two-dimensional case which we have 
traced to an unfortunate misprint in Chandrasekhar’s* paper. 
The correct expression for the correlation function is given in 
Smoluchowski’s* paper. The power spectrum for all three 
cases approaches the f~! law at high frequencies. At low fre- 
quencies the one-, two-, and three-dimensional cases go as 
f-, logf, and constant. We have applied the one-dimensional 
theory to the current noise resulting from ionic diffusion 
perpendicular to the plane of a metal-semiconductor contact 
and also in a P—N junction and will report our results. A 
one-dimensional! diffusion mechanism has some promise be- 


cause of its slowly changing slope in the region of the turn- 
over frequency. 


iG. G. Macfarlane, Proc. Phys. Soc. (London) =. 807 (1950). 
2S. 


ndrasekhar Revs. Modern Phys. 1 Soy ~~ (391) 
3M. V. Smoluchowski, Physik. Z. 17, 563 (1916), Eq. 


E2. Effects of Dislocations on Mobilities in Semiconductors. * 
F. Seitz ano D. L. Dexter, University of Illinois —The 
scattering of electrons or holes in semiconductors by the dila- 
tion of the lattice around rigid, randomly-arranged edge-type 
dislocations is treated by the method of the deformation po- 
tential.! The contribution of this scattering to the electrical 
resistance is determined from the Boltzmann transport equa- 
tion by the method of Mackenzie and Sondheimer, except for 
the use of Maxwell-Boltzmann, rather than Fermi-Dirac 
statistics. The temperature dependence of the reciprocal of the 
mobility uw is given by 1/h=a:T!+aiT-§+a T™, where the 
a's are temperature-independent quantities referring to scat- 
tering from the lattice, impurity atoms and dislocations, re- 
spectively. A discussion is given of the relative magnitudes of 
these three terms, and of the possibility of obtaining experi- 
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mental information concerning dislocations in semiconductors 
by electrical measurements. 


* Research supported by the ONR and AEC. 
1 J. Bardeen and W. Shockley, Phys. Rev. 80, 72 (1950 


). 
2 J. K. Mackenzie and E. H. Sondheimer, Phys. Rev. 77, 264 (1950). 


E3. High Field Mobility in Germanium with Impurity 
Scattering Dominant. E. M. CoNWELL AND E. J. RYDER, 
Bell Telephone Laboratories.—The variation of electron mo- 
bility with electric field has been observed in n type samples 
for which impurity scattering is dominant at low fields. Cur- 
rent measurements were taken using a pulse technique, with 
experimental precautions to keep the carrier density constant.! 
Since the mobility arising from impurity scattering is essen- 
tially proportional to v*, it is expected that beyond the Ohm’s 
law region mobility would increase rapidly with field until 
lattice scattering is dominant, causing a transition to the 
E~* dependence characteristic of that mechanism.? The data 
show this behavior. If the velocity distribution is assumed to 
be a 6-function, an approximate expression for mobility as a 
function of field can be obtained from the condition that 
average power loss must equal average power gain. As in the 
case of lattice scattering, the resulting theory fits the data 
well if the rate of energy loss is taken several times higher 
than that given by the usual theory.? 


1 E. J. Ryder and W. Shockley, Phys. Rev. 81, 139 (1951). 
2W. Shockley, Phys. Rev. 82, 330 (1951). 


E4. Lattice Defects in Germanium. W. C. Dun ap, JR., 
General Electric Research Laboratory.—Evidence is reviewed 
for the hypothesis that the thermal conversion characteristics 
of germanium arise from the formation of lattice defects, 
which can act electrically as acceptors. These defects are 
presumed to be Frankel defects because of the conversion of 
high resistivity m-germanium to p-germanium resulting from 
a few seconds heating at 900°C. Studies have been made of 
the following types: (1) Samples quenched from high tempera- 
tures have been studied at liquid hydrogen temperatures. 
Che activation energy for excitation of thermal acceptors is 
considerably greater than that for the ordinary chemical 
acceptors (0.03 compared to 0.003-0.006 ev). (2) Resistivity 
and Hall effect measurements have been made on single 
crystal samples of germanium quenched from various tempera- 
tures. The number of acceptors introduced appears to be 
roughly independent of the amount or the type of impurity 
already present. The activation energy for the formation of a 
defect is agout 1 ev. This value appears not inconsistent with 
the activation energy for diffusion, 2.5 ev, assuming a vacancy 
mechanism for diffusion. 


ES. Growth of Silicon Single Crystals and of Single Crystal 
Silicon p—n Junctions. G. K. TEAL AND E. BUERLER, Bell 
Telephone Laboratories—Single crystals of silicon having a 
high degree of lattice perfection and chemical purity have 
been produced by a technique similar to that reported for 
germanium.'! This technique avoids strains and resultant 
cracks and twinning normally obtained on solidifying silicon 
within a container in the heretofore conventional manner and 
permits the preparation of crystals of controlled semiconduct- 
ing properties. Single crystals 5 inches in length and 1-inch 
maximum diameter have been grown. Bulk lifetimes of car- 
riers in these crystals may be made as high as 200 micro- 
seconds. Drift mobility of electrons in p-type crystals is 1200 
cm?/volt/sec, or four times as high as reported for previously 
available polycrystalline samples. The magnitude and type 
of conductivity in the direction of crystal growth is controlled 
by addition of a significant impurity such as boron (acceptor) 
or phosphorus or arsenic (donor) to the melt from which the 
crystal is being grown. Single crystal p—mn junctions have 
been made that show exceptionally low saturation currents 
that can be accounted for by the band separation in silicon 


facturing Company. 
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and, moreover, give anomalous Zener characteristics, as dis- 
cussed more fully elsewhere.? 
1G. K. Teal and J. B. Little, Phys. Rev. 78, 647 (1950). 


2K. B. McAfee and G. L. Pearson, Bull. Am. Phys. Soc. 27, No 2, 14(A) 
(1952). 


E6. The Electrical Properties of Silicon p—n Junctions 
Grown from the Melt. K. B. McAFEE Anp G. L. PEARSON, 
Bell Telephone Laboratories.—Silicon p—n junctions have 
been grown from the melt! under accurately controlled im- 
purity conditions. The saturation currents of such junctions 
ar room temperature are of the order of 10-7 amp/cm?. At 
field strengths of approximately 2 X 105 volts/cm a very sharp 
increase in current is found. A change of voltage in this region 
of about one-half percent is sufficient to cause the current to 
change by two orders of magnitude. This measured field 
strength corresponds approximately to that predicted by’ the 
Zener-Shockley theory.2 The measured slopes, however, differ 
from theory by a considerable factor. Experiment shows that 
the capacity of the junction biased in the direction producing 
space charge varies as the inverse cube root of the voltage 
thus indicating a linear change of impurities with distance. 
The above characteristics are of considerable practical im- 
portance in the construction of rectifiers, voltage regulators, 
voltage limiters, and other nonohmic devices. It should be 
pointed out that the noise level in the voltage regulating range 
s well above thermal. 


1G. K. Teal and E. Buehler, Bull. Am. Phys. Soc. 27, No. 2, 14 (1952). 
2 McAfee, Ryder, Shockley, and Sparks, Phys. Rev. 83, 650 (1951). 


E7. Silicon /—n Junction Diodes Prepared by the Alloying 
Process. G. L. PEARSON AND P. W. Foy, Bell Telephone 
Laboratories.—p—n junctions have been formed by alloying 
acceptor or donor impurities with m or p type silicon. The 
procedure is in contrast to diffusion techniques previously 
reported for germanium.'! Aluminum is a very satisfactory 
acceptor impurity and gold-antimony alloy is a preferred 
donor impurity. The eutectic temperature for silicon-alumi- 
num is 577°C and for silicon-gold 370°C. Single crystal? or 
multicrystalline silicon may be used although the former is 
preferred. The reverse saturation currents are smaller than 
those obtained in germanium of equal body resistance. For an 
area of 10-4 cm?, values as low as 107! ampere have been 
obtained with a forward to back current ratio of 108 at 1 volt. 
The Zener current follows the law J= K V* over several decades 
of current with » as high as 1500 which is greater than theo- 
retical.2 The Zener voltage is proportional to the silicon re- 
sistance, and values between 5 and 1000 volts have been ob- 
tained for resistivities between 0.1 and 50 ohm cm. The above 
properties together with the ability to operate at elevated 
temperatures suggest several useful applications. 

1R. N. Hall and W. C. Dunlap, Phys. Rev. 80, 467 (1950). 


2G. K. Teal and E. Buehler, Bull. Am. Phys. Soc. 27, No. 1, 14 (1952). 
3 McAfee, Ryder, Shockley, and Sparks, Phys. Rev. 83, 650 (1951). 


E8. Effect of 11-Mev Electron Bombardment on the Elec- 
trical Properties of Germanium. LutTHEer Davis, JR., G. A. 
pEMars, L. G. Rupin, AND J. H. SAUNDERS, Raytheon Manu- 
High and low resistivity samples of n 
and p type germanium were bombarded at room temperature 
at various exposures by 11-Mev electrons from the Massa- 
chusetts Institute of Technology linear accelerator. Use of 
such high energy electrons permits a homogeneous bombard- 
ment completely through the depth of the sample as well as a 
uniform bombardment of a considerable quantity of samples 
simultaneously. Moreover, the use of electrons minimizes the 
production of donor or acceptor centers from transmutations, 
permitting a quantitative study of the effects of lattice va- 
cancies and interstitial Ge atoms. We have used A(m,—ma) 
for low resistivity » type material as a measure of the number 
of acceptors (ma) formed by a given bombardment. For high 
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resistivity (20 ohm cm) n- and p-type material, values of 
A(n.—mx)/na of the order of 0.06 were determined. Very little 
healing out was found by measurements at room temperature 
commencing one hour after bombardment and later. The 
theoretical cross section for electrons of this energy can be 
calculated knowing the threshold energy of about 0.6 Mev. 
The value of m4 is about two orders of magnitude less than 
theoretical when measured. 


1 E. E, Klontz and K. Lark-Horovitz, Phys. Rev. 82, 763 (1951). 


E9. Electron Distribution in Irradiated N type Semi- 
conductors. H. GLASER AND A. J. F. SteGeRtT, Northwestern 


University.—We have calculated the electron distribution in 
a photoconducting plate infinite in extent in directions per- 
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pendicular to the incident light as a function of the distance 
from the irradiated surface assuming bimolecular recombina- 
tion with traps. The nonlinear differential equations were 
solved aproximately by means of a variation principle. With 
reasonable estimates for the recombination probability and 
dielectric constant, our results are compatible with old meas- 
urements of the Dember effect.' Conversely, a measurement of 
the Dember effect and dielectric constant would permit a 
determination of the recombination probability using our 
calculations. The calculations are to be applied to a more 
detailed interpretation of the experiments of L. Gildart and 
A. W. Ewald? 

1H. Dember, Physik Z. 33, 207 (1932) 

2L. Gildart and A. W. Ewald, Phys. Rev. 83, 
lished results. 


359 (1951) and unpub- 


THURSDAY AFTERNOON AT 2:15 


NBS, East Building Lecture Room 


(M. W. ZEMANSKY presiding) 


Phosthors; Cryogenics 


Fl. Release of Trapped Charge in Alkali Halide Crystals. 
Davin Dutton, University of Illinois.—Crystals of KCI and 


KBr were irradiated with x-rays at liquid-nitrogen and liquid- 
helium temperatures and warmed to room temperature with 
an applied electric field. The release of trapped charge, associ- 


ated with changes in the optical absorption of the crystals, 
has been observed. A preliminary report! described the ap 
pearance in KCI of free charge as the V; and F’ bands*? 
disappeared. This behavior is consistent with the model 
proposed by Seitz‘ for the V; center, namely, a positive hole 
trapped at a positive-ion vacancy. In KBr, release of trapped 
charge from V; and F’ centers is also observed, as well as 
from several other trapping centers. Bursts of luminescence 
occur, correlated with changes in the absorption bands and the 
appearance of free charge. The spectral composition of the 
luminescent radiation has been studied by means of filters. 

1 Dutton Maurer, and Heller, Phys. Rev. 84, 363 (1951). 

2 Casler, Pringsheim, and Yuster, J. Chem. Phys. 18, 887, 1564 (1950). 


3H. Dorendorf, Z. Physik 129, 317 (1951). 
4F. Seitz, Phys. Rev. 79, 903 (1950). 


F2. Plastic Phosphors for Scintillation Counters. W. L. 
Buck AND R. K. SWANK, Argonne National Laboratory.— 
Solid solutions (both simple and mixed) of various organic 
fluors in polystyrene are being studied for use as scintillation 
counter phosphors. Such phosphors containing tetraphenyl 
butadiene or terpheny! plus tetraphenyl butadiene have been 
made to give scintillation pulse heights up to 30 percent as 
large as those from a high quality anthracene crystal, using 
an RCA type 5819 photomultiplier with beta-particle excita- 
tion. It appears to be generally true that pulse height increases 
with increasing solute concentration over a wider range of 
concentrations than in the case of liquid solution phsophors, 
which indicates that the range of action of self-quenching is 
smaller in the case of the solid solutions. In many cases the 
maximum useful concentrations are determined by solubility, 
coloration, or by inhibition of polymerization. As is true with 
liquid solutions, the efficiencies obtained indicate that the 
scintillation process in these plastic phosphors is not confined 
solely to the dissolved fluor but involves a transfer of energy 
from the polystyrene to the dissolved fluor. Experiments will 
be described which shed light upon the nature of this process. 


F3. (Abstract withdrawn.) 


F4. Field Strength and Temperature Dependence of Elec- 
troluminescence in Powders. S. Roperts AND J. S. PRENER, 
General Electric Research Laboratory.—Electroluminescent 
cells are constructed by dispersing a copper activated zinc 
sulfo-selenide phosphor powder in a thermoplastic dielectric 
matrix. The resulting sheet material is observed to glow when 
an alternating electric field is applied. The light produced is 
not continuous, but flickers with twice the applied frequency, 
dropping to zero between flashes. The electric field in the 
phosphor particles can be calculated if they are assumed to be 
spheres; however, it is first necessary to determine their di- 
electric constant. This is done by comparing the dielectric 
constant of the phosphor-plastic aggregate with that of the 
clear plastic. The results of these calculations show that, for 
a variety of plastic matrix materials having different dielectric 
constants, the brightness of electroluminescence depends in 
the same manner on the electric field in the phosphor particles. 
A matrix of polystyrene was used in studying the brightness 
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of electroluminescence versus temperature. This material has 
a relatively small temperature coefficient of dielectric con- 
stant. In this test only a small change of brightness was ob- 
served in a temperature range from —100°C to 4-50°C. This 
fact suggests that the mechanism responsible for electro- 
luminescence may be akin to field emission. 


F5. Temperature Dependence of Infrared Photoconduc- 
tivity in Standard VII Phosphor. G. Conran AnD J. J. Drop. 
KIN, Polytechnic Institute of Brooklyn.—The dc infrared stimu- 
lated photoconduction of the Std VII phosphor (SrS:Ce:Sm) 
excited by 3650A at about 100°K, 200°K, and 300°K has 
been measured from 100° to 400°K. The photocurrent is 
strongly temperature dependent and suggests one or more 
thermal steps in the process. Peaks occur at low temperatures 
for the phosphor excited at 100°K. Semilog plots of the photo- 
current vs 1/T show well-defined straight line portions. The 
activation energies associated with these are higher for the 
high temperature region and vary with the temperature of 
excitation, state of exhaustion, and intensity of infrared. The 
variation of slope is consistent with a single thermal step of 
the order of 0.1 ev, obeying a second-order rate process at 
low temperatures, and a first-order rate process at high tem- 
peratures. The dark current of the phosphor has been measured 
as a function of the temperature. Current ‘‘glow’’ peaks are 
found which are attributable to a system of shallow traps. 


F6. Electron Traps in the KCI:Tl Phosphor. PETER D. 
JOHNSON AND Ferp E. WILLIaMs, General Electric Research: 
Laboratory.—The sites responsible for the principal thermo- 
luminescent peaks! of KCI:T1 have been identified. Thermo- 
luminescence has been measured at a linear heating rate of 
0.083°K sec™ from 20 to 400°K. Introduction of vacancies 
does not alter the two principal peaks, however Cd*+ has a 
specific effect.2 Infrared irradiation prior to warming sup- 
presses them. The concentrations of trapped electrons have 
the same dependence on gross activator concentration as 
emission from isolated activators.’ These facts in conjunction 
with theoretical considerations, indicate that the two principal 
traps are isolated Tl* in the *P,; and the *P,° states. The 
thermal trap depths of 0.38 and 0.72 ev permit the construc- 
tion of a configuration coordinate diagram which adequately 
represents the role of the four lowest excited states of TI* in 
the mechanism of luminescence of KCI:Tl. The frequency 
factors for untrapping are 108 sec™!. The mechanism of filling 
the traps is deduced from the dependence on excitation tem- 
perature of the number of traps occupied. 


1J. T. Randall and M. H. F. Wilkins, Proc. Roy. Soc. (London) 184A 
382 (1945 

2 P. D. Johnson and F. E. Williams, J. Chem. Phys. (to be published). 

1 P. D. Johnson and F. E. Williams, J. Chem. Phys. 18, 1477 (1950). 


F7. Change in Superconducting Penetration Depth with 
Field. J. BARDEEN, University of TIllinois.—Pippard' ob- 
served that the relative change in penetration depth Ad/A of 
tin between H=0 and H=H, is about 2.2 percent for 
T <2.0°K, decreases to a minimum at 3.1°K, and increases 
as T-+T.. This suggests that two effects are operative, one at 
low and the other at high temperatures. Pippard attributes 
the change near 7=T7, to a decrease in the number of super- 
conducting relative to normal electrons. This effect, largest 
at T., vanishes as T-+0. According to the London approach, 
the usual penetration phenomena are associated with changes 
of the wave functions which are linear in H, giving an energy 
quadratic in H. It is suggested that Ad for low T results from 
changes in wave functions quadratic in H, giving an energy 
varying as H*. Such terms yield Ad proportional to H*. Because 
of the decrease in H., this contribution decreases as T in- 
creases. It is reasonable to expect that the combined effects 
will be a minimum near 3°K. 


1A. B. Pippard, Proc. Roy. Soc. (London) A203, 210 (1950). 
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F8. Low Temperature Thermal Conductivity of Tin and 
Tin-Bismuth Alloys. D. P. Detwiter,* Yale University.t— 
The thermal conductivity of two tin-bismuth alloys con- 
taining respectively 0.134 percent and 1.02 percent bismuth 
has been measured in the normal and in the superconducting 
states in the temperature region from 1.3 to 4.2 degrees Kelvin. 
No evidence is found of the anomalous thermal conductivity 
in the superconducting state as reported by Mendelssohn and 
Olsen! in alloys of lead with comparable quantities of bismuth. 
Measurements on pure tin in a transverse magnetic field at 
temperatures below the superconducting transition tempera- 
ture showed a definite minimum in the intermediate state 
region similar to that recently observed by Webber and 
Spohr? in pure lead. No such minimum was observed in the 
0.134 percent bismuth alloy specimen. The conductivity meas- 
urements were made in the conventional manner, using carbon 
composition resistors as thermometers and a temperature 
gradient of approximately 0.02 degree per centimeter. 

* AEC Pre-doctoral Fellow. 

t Assisted by the ONR. 


1K. Mendelssohn and J. L. Olsen, Phys. Rev. 80, 859 (1950). 
2R. T. Webber and D. A. Spohr, Phys. Rev. 84, 384 (1951). 


F9. Atomic Heat of Lead in the Neighborhood of its Tran- 
sition to Superconductivity. J. R. CLEMENT AND E. H. Quin- 
NELL, Naval Research Laboratory —The atomic heat of lead 
in the normal and superconducting states was measured in 
the neighborhood of its transition to superconductivity. The 
data were generally in good agreement with previous meas- 
urements'~* but, due to increased precision, showed a dis- 
continuity of about 4.5 percent at the transition temperature 
in zero applied magnetic field. The measured discontinuity is 
in good agreement with that which can be predicted from 
critical field values. § 

1W. H. Keesom and D. H. Andrews, Proc. Amsterdam Acad. Sci. 30, 
434 (1927). 

2 W. H. Keesom and J. N. van den Ende, Proc. Amsterdam Acad. Sci. 33, 
243 (1930). 

*W. H. Keesom and J. N. van den Ende, Proc. Amsterdam Acad. Sci. 


34, 210 (1931). 
4J. G. Daunt and K. Mendelssohn, Proc. Roy. Soc. (London) A160, 127 


(1937). 
’ Daunt, Horseman, and Mendelssohn, Phil. Mag. 27, 754 (1939). 


F10. Low Temperature Heat Capacity of Vanadium. R. D. 
Wor ey, M. W. ZEMANSKy,* AND H. A. Boorse, t Columbia 
University.{—The heat capacity of a 3.8-mole sample of 
vanadium has been measured in the normal and supercon- 
ducting states. Data for the normal state were obtained over 
the temperature range 1.8° to 12°K, a magnetic field of about 
5000 gauss being applied to keep the metal in the normal 
state at temperatures below the zero field transition. Data for 
the superconducting state were obtained from 1.8° to the 
zero field transition which was found to occur at 4.7°K. All 
temperatures were determined by means of a special carbon 
composition resistor calibrated and used according to the 
method described by Brown, Zemansky, and Boorse.'! The 
molar heat capacities of the sample over the above noted 
range will be given, together with the value of y, the coeffi- 
cient of the linear term (electronic specific heat) in the normal 
heat capacity. 

* The City College of New York. 

+ Barnard College, Columbia University. 


t Assisted in part by the ONR and The Linde Air Products Company. 
1 Brown, Zemansky, and Boorse, Phys. Rev. 84, 1050 (1951). 


Fill. On the Nuclear and Electronic Contributions to the 
Specific Heat of Neodymium Ethyl Sulfate Near 1°K. L. D. 
Roserts, C. C. SARTAIN,* AND B. Borie, Oak Ridge National 
Laboratory.—The molar specific heat C; of Nd(EtSO,)3:9H:O0 
has been measured in the temperature range 0.95°K-2.15°K 
by the magnetic method of R. J. Benzie and A. H. Cooke at 
frequencies from 180 to 1200 cps. The measured C; may be 
described within 1 percent by C;=b/T? where T is the tem- 





SESSIONS F AND FA 


perature and 6b is a constant. Three spherical, 1-cc, powder 
samples were measured. Sample J was prepared from neo- 
dymium of normal isotopic composition, and samples JJ and 
III were prepared from separated isotope samples of Nd! 
and Nd'*, Using the measured };, 6;;, and by; in three 
simultaneous equations, one obtains the electron contribution 
to the specific heat b,;/7? and the hyperfine splitting contribu- 
tions bi43/7? and bi4s/7? with b,;=0.147+0,004X 105, diss 
=5.08+0.05 X 10°, and b14;=1.7+0.2 X 10° erg degree. These 
biss and 6,45 agree within experimental error with the values 
5.17105 and 2.00105 erg degree, respectively, computed 
from the microwave measurements of H. E. D. Scovil. Thus 
the hyperfine splitting contribution to the specific heat for 
Nd'(EtSO,)3-9H;0 is some 30 times larger than the electron 
contribution which makes this material of interest in the study 
of nuclear effects below 1°K. 


* Summer Research Participant from the University of Alabama. 


Fi2. The Resistance Minimum in Magnesium at Low 
Low Temperatures.* H. E. Rorscuacun, JR., AND MELVIN A. 
Heruin, M.J.T.—The electrical resistivities of three very 
pure magnesium samples from different sources have been 
measured from 1 to 40°K by an improved mutual inductance 
method.! All samples exhibit a minimum, although the effect 
is much more pronounced in one which is believed to contain 
more impurity than the others. Above 20°K, all of the re- 
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sistivity curves can be well represented by a power law p=p, 
+aT® with b equal to approximately 3.5. However, Matthie- 
sen’s rule does not hold, since at least two of the curves 
intersect. 

* This work has been supported in part by the Signal Corps, the Air 


Materiel Command, and the O} 
1H. EF. Rorschach, Jr., and Melvin A Herlin, Phys. Rev. 81, 467 (1951). 


F13. Nonlinear Stationary Flow in Liquid Helium II.* 
P. R. Zitset AND H. M., Friep, University of Connecticut.— 
The existence of a limiting velocity of superflow for internal 
convection through narrow slits in helium II is accounted 
for by equations of motion derived previously! when these 
are corrected to include the ordinary viscous friction of the 
normal fluid, without introducing Gorter’s “internal friction.""* 
The limiting condition is 


ved <4na(p— hp.) !&5 X 10~* cm?/sec, 


(d=width of slit). When », exceeds the critical value, cubic 
terms in the equations of motion become important, account- 
ing qualitatively for the observed cube-root dependence of 
heat conduction and fountain pressure on temperature gradi- 
ent. Quantitative comparison between theory and experiment 
will be discussed. 

* Supported by a grant from the Research Corporation. 


1P. R. Zilsel, Phys. Rev. 79, 309 (1950). 
?C. J. Gorter, Physica 15, 528 (1949) 


THURSDAY AFTERNOON AT 2:15 


Shoreham, Main Ballroom 


(G. S. GOLDHABER presiding) 


Apparatus of Nuclear Physics; Radioactive Nuclei 


FAI. A Pair Spectrometer Using Four Scintillation Crystals.* 
R. S. Foore anp G. Kamm, National Bureau of Standards.— 
A pair spectrometer using four NaI(T1) crystals has been de- 
veloped to measure total pair electron energies produced by 
high energy x-rays. This spectrometer consists of the conven- 
tional three-crystal spectrometer! plus a large fourth crystal 
placed behind the central crystal of this three-crystal unit. 
This large crystal is used to detect escaping electrons and x- 
rays, and its circuitry is placed in anticoincidence with a co- 
incidence pulse from the three-crystal spectrometer. The per- 
formances of the four-crystal and three-crystal spectrometers 
were compared by observing the gamma-ray spectrum emitted 
by B"(p, y)C" with a proton bombarding energy of about 
180 kev. Spectra were taken independently and simultaneously 
to determine the spectrum of the events discarded by the 
fourth crystal. The resolution of these spectrometers'as meas- 
ured by the full widths of the lines at half-maximum was 6 
percent for the 4.45-Mev line? and 13 percent for the 11.6- 
Mev line for the four-crystal unit, and 8 percent and 22 
percent, respectively, for the three-crystal unit. The ratio of 
the energies of these two lines was determined to be 0.379+3 
percent. The energy calibration and resolution data are pre- 
liminary to the application of the spectrometer to betatron 
spectra determinations. 

* This work was suoperced § in part by the AE 


EC. 
1J. K. Bair and F, C. Maienshein, Rev. Sci. Instr. 22, 343 (1951). 
2T. Huus and R. a Day, Phys. Rev. 85, 761(A) (1952). 


FA2. The “Impregnated” Scintillating Crystal as a Tool 
for the Study of Radioactive Decay. E. DER MATEOSIAN AND 
A. Smitu, Brookhaven National Laboratory.*—When single 


crystals of sodium iodide activated with thallium are grown 
from a mixture of sodium and thallium iodides to which a 
minute trace of radioactive material has been added, the 
crystals show all the properties of normal scintillating crystals. 
In addition, the crystals will have dispersed through them the 
added radioactivity in a form which behaves effectively like 
a zero-thickness source. Previously, “impregnated” crystals 
have been used to study the total energy in isomeric transi- 
tions.! The method is now being adapted to study the follow- 
ing types of problems: (1) the detection of short-lived states 
following 8-decay; (2) the detection of orbital electron cap- 
ture and the determination of the ratio of orbital electron 
capture to §-decay; (3) the determination of 6-spectra shapes 
and end points; (4) the efficient detection of soft particles and 
the ratio of L to K electron capture. Specific problems under 
investigation will be presented. 
* Under contract with AEC 


1 Scharff-Goldhaber, der Mateosian, Goldhaber, Johnson, and McKeown, 
Phys. Rev. 83. 480 (1951). 


FA3. Energy Response of Organic Liquid Scintillation 
Counters.* Geo. T. REyYNOLDs, Princeton University. 
The nonlinear energy response of organic scintillators to slow 
particles has been recognized for some time. By measuring the 
relative response of solutions of terphenyl in toluene to 5- 
Mev a-particles and 624-kev electrons as a function of ter- 
phenyl concentration, it is possible to differentiate to some ex- 
tent among the possible causes of this response. Such measure- 
ments have shown, for example, that the relative probability 
of self-quenching in the solvent to energy transfer is greater 
in the a-particle case than in the electron case. The discussion 
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will be extended to discuss several mechanisms that can 
account for the nonlinear response without requiring dissocia- 
tion of the solvent molecules. 


* Supported by the joint program of the AEC and ONR. 


FA4. Determination of the Resolving Time of Coincidences. 
Z. Bay, The George Washington University.*—To avoid am- 
biguity one should distinguish between two resolving times. 
The first (r) is related to coinciding pulses and will be defined 
as one-half of the ratio of the area of the delay curve to the 
total number of coincidences per second. + determines the 
number of chance coincidences and physically it means the 
average time within which a pulse gives a coincidence with 
another. This is a generalization of the original definition of 
the resolving time. By the differential coincidence counting 
method, + can be improved far below the pulse period; be- 
cause there is no loss of efficiency the total number of co- 
incidences, and hence 7, can be determined. The second re- 
solving time (r’) is usually defined as the half-width (or better, 
one-half the ratio of the area to the maximum) of the delay 
curve for simultaneous events. r’>r, because 7’ includes time 
lags of detectors and of the equipment; their mean square 
deviations are additive terms in the second moment of the 
delay curve. Our recent results using scintillation counters are 
1X10-'° sec for r and 8X107-! sec for r’. Since r gives the 
length of independent time intervals of the delay curve, it 
should be called the true resolving time and r’ the practical 
resolving time. 


* Supported by the ONR and AEC. 


FAS. Limitation of Discharge in G-M Counters,* W. C. 
PorTER AND W. E. Ramsey (Introduced by W. F. G. Swann). 
—Three of the four serious limitations involved in G-M 
counters rise out of the part of the discharge which is unused. 
It has been possible by employing a simple two-tube feedback 
arrangement to limit the discharge in a counter to a small 
segment of its length, subsequently restoring all but a small 
portion of the tube to full sensitivity in about one micro- 
second. This procedure results in a marked reduction in dead- 
time, a correspondingly large increase in life, and an associated 
reduction in spurious counts. For instance, a 20-cm counter 
may be operated at a rate of 20,000 counts per second with a 
loss of no greater than that normally encountered at 1000 
counts per second. Counting rate data will be given along with 
studies of the discharge distribution with and without the 
cut-off procedure. Alteration in the dead-time picture will be 
illustrated by oscillograms. 


* Assisted by joint programs of the ONR and AEC. 


FA6. Automatic Scanner for Multichannel Pulse-Height 
Analysis of 35-mm Film Record. D. J. ZAFFARANO AND 
Warren A. Hunt, Jowa State College.—Spectra of short- 
lived nuclides have previously been obtained by photograph- 
ing pulses displayed on an oscilloscope screen with a 35-mm 
moving film camera, and visually analyzing the film. The 
pulses from a scintillation spectrometer were intensified at 
their peaks to produce “‘dots’’ on a cathode-ray tube screen 
whose displacement from a baseline was proportional to the 
input pulse amplitude. An automatic device has now been 
built which will accurately scan these film records and print 
the total counts in each channel. The channel width may be 
varied, but at a given setting, the channel width and uni- 
formity are held to less than 1 percent. The channel position 
is accurate to +1 percent of the average pulse amplitude. 
Practically all of this position instability results from “wobble” 
of the film in the gate of the camera used, and is believed 
remediable to some extent. Within 3 inches deflection on an 
oscilloscope tube, at least 45 channels can be obtained. A 
spectrum of 100,000 events is obtainable from an exposure of 
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100 feet of film. The disadvantage of the present system is 
that several hours must elapse before the results of an experi- 
ment are known. Where this is tolerable, the method described 
here has the advantage that almost any pulse spectrum which 
can be observed with an oscilloscope can be determined 
quantitatively. 


FA7. Electron Paths in a Magnetic Lens Spectrometer. 
W. S. Emmericu, Y. NoGami, L. A. Kitey, anp J. D. Kursa- 
TOV, Ohio State University.—Baffle systems for a magnetic 
lens spectrometer have been designed making use of a graphical 
method to determine approximately the electron paths in 
inhomogeneous magnetic fields. From a set of graphs which 
give an approximation of the projection of an electron path 
in the plane perpendicular to the central axis of the spec- 
trometer, sufficient information is derived to construct a 
baffle system. Conversion electrons of the 134-kev transition 
in Pr 144 were measured, in a system built according to this 
method, with a resolution of four percent and a transmission 
of about three percent. Another baffle system, designed for 
higher energies, resolved the conversion electrons of the 662 
kev transition in Ba 137 requiring a power of 175 watts. A 
comparison of these experimental results with the correspond- 
ing values obtained by computation using the graphical 
method will be presented. 


FAS. Pair Measurement of Gamma-Rays with a Lens 
Spectrometer. Davip E. ALBURGER, Brookhaven National 
Laboratory.*—A conventional lens spectrometer has been 
adapted to the measurement of high energy gamma-rays by 
detecting positron-electron pairs in coincidence. The source 
and converter are centered on the optic axis and the baffle 
system selects pairs of nearly equal energy. The detection 
method consists of dividing the focal circle of confusion in 
half and observing coincidences between particles entering 
these two regions. Statistically the components strike different 
areas in half the cases. The detectors are semicircular anthra- 
cene crystals connected by light pipes to 1P21 photomultiplier 
tubes. Pulses from these are fed through amplifiers to a co- 
incidence circuit of 710~® sec resolving time. The method 
has been tested by observing ‘‘pair peaks” due to the 2.76- 
and 2.62-Mev gamma-rays of Na* and ThC”, respectively. 
The Po—Be reaction gamma-ray has been measured at 7.5 
percent resolution and found to have an energy of 4.47+0.04 
Mev. By using a proton beam from the Brookhaven electro- 
static accelerator, gamma-rays of 6.19+0.08 Mev and 7.13 
+0.12 Mev occurring in the F!(pa)O"* reaction have been 
observed with this apparatus. 


* Under contract with the AEC. 


FA9. An Experimental Effort to Detect Double Beta- 


Decay in Sn’ and Zr®®, J. A. McCartuy, University of 
Rochester.—If double beta-decay occurs without the emission 
of neutrinos, the total kinetic energy of the two emitted elec- 
trons will be constant. An experiment which takes advantage 
of this fact has been performed. The sample to be investigated 
is placed between two stilbene crystals observed by separate 
photomultipliers. Simultaneous current pulses from these 
photomultipliers are added electronically and analyzed by a 
thirty-channel pulse-height discriminator. Recording occurs 
only when there is a coincidence between pulses from the two 
photomultipliers. The background is reduced by an anti- 
coincidence arrangement of four large guard crystals. The 
crystals are surrounded by four inches of lead. The background 
counting rate is 6.7 counts per hour in the energy region from 
1 to 4 Mev. Preliminary data set a lower limit on the lifetime 
of Sn'** for double beta-decay at 1X10!” years on the assump- 
tion of a disintegration energy between 1 and 1.75 Mev, and 
2X10!” years on the assumption of an energy between 1.75 
and 3.2 Mev. Results for Zr will also be presented. 
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FA10. Internal Conversion Electron Ratios in Ba'*’™, 
Sré™, Y8™, and Zr*™,* W. L. BENDEL, F. J. Sore, H. N. 
Brown, AND R. A. BECKER, University of Illinois —Conver- 
sion electron ratios were measured with a double-focusing 
magnetic spectrometer employing resolution in the range 0.26 
percent to 1.9 percent. The Ba’ gamma-ray at 661 kev was 
found to yield a K:L:(M+N) ratio of 5.5:1:0.27. The Sr8™ 
gamma-ray at 388 kev yielded 5.5 for K/L+M. The 4.4- 
minute Zr®™ transition at 586 kev gave 5.4 for K/L+M, and 
the 910-kev gamma-ray in Y*™, following the decay of 79- 
hour Zr**, yielded a K/L+M ratio of 7.0. The Cs"*’ (obtained 
from Oak Ridge) was deposited on 0.0001-inch copper foil. 
The Zr and Y activities were in the form of 0.0005-inch 
zirconium foil. The strontium, in hydroxide form, was de- 
posited on 0.00025-inch copper foil. The active Zr#™, Y®*, 
and Sr*’™ were produced by gamma-n processes employing 
the betatron probe technique. All these transitions have been 
designated previously as being of the M-4 type.? 

* Supported in part by the joint program of the ane na ONR. 


1 Shore, Bendel, and Becker, Phys. Rev. 83, 688 (1 
1M. Goldhaber and A. W. Sunyar, Phys. Rev. 83, 906 (1951). 


FAI11. The Radioactivity of Argon 39. C. E. ANDERSON, 
G. W. WHEELER, AND W. W. Watson, Yale University.*— 
The A**(d, p)A®* reaction has been investigated using samples 
of argon gas enriched by the thermal diffusion method to about 
2 percent and with the ratio A**/A** about 2 to 1. A®* proton 
groups are observed at about 100 cm range, using 3.8-Mev 
deuterons. ‘The short-lived B-activity of A® previously re- 
ported! seems not to exist. A sample of argon enriched to 2 
percent A**, 6 percent A‘ was irradiated in the Brookhaven 


reactor for 30 days in order to study the long-lived activity.? 
We find that this gas does have a long-lived beta- and also 
low energy gamma-radiation. 

* Assisted by the AEC. 

1A. Zucker and W. W. Watson, Phys. Rev 80, 966 (1950). 

2 Brosi, Zeldes, and Ketelle, Phys. Rev. 79. 902 (1950). 


FA12, The Gamma-Radiations from V“ and Nb*,. Davip 
Green, Haroip K. Tico, AnD J. REGINALD RICHARDSON, 
University of California at Los Angeles.—The isotope V“ was 
prepared by a (p,m) reaction on titanium and subsequent 
chemical extraction of the vanadium fraction; the y-rays 
following the disintegration of V“ were analyzed on a scin- 
tillation y-ray spectrometer. Aside from the well-known y-rays 
at 0.99 and 1.32 Mev, a high energy y-ray at 2.22+0.02 Mev 
was observed. Clearly this y-ray cannot be a cross-over line 
which would involve the sum of the two above-mentioned 
y-rays. The intensity of the high energy y-ray relative to the 
1.32 Mev y-ray is about 3.5 percent; this intensity ratio was 
followed over several half-lives. A search was made for a 90- 
kev y-ray which might be in cascade with the 2.22-Mev line, 
but without success. The isotope Nb was prepared by a 
(p, pm) reaction on niobium, and a chemical separation of 
niobium. Gamma-rays at 0.933+0.009 Mev and 1.84+0.02 
Mev were observed. The 0.933-Mev activity decayed with the 
10-day half-life of Nb”, but the half-life of the 1.84-Mev ac- 
tivity was much longer and should probably be assigned to an 
isomeric state of Nb*. During long background runs, a y-ray 
at 1.45 Mev appeared consistently. This y-ray has been 
identified as due to K*. 


THURSDAY AFTERNOON AT 2:15 


Shoreham, West Ballroom 


(W. R. BrobE presiding) 


Symposium on Chemical Physics 


G1. Significance of the Results of Microwave Spectroscopy for Chemical Valence Theory. E. 


BriGut Witson, Harvard University. (45 min.) 


G2. The Theory of Transport Phenomena in Polyatomic Gases. G. E. UHLENBECK AND C. S. 


WanG CHANG, University of Michigan. (45 min.) 


G3. Ionization and Dissociation of Diatomic Molecules by Electron Impact. H. D. Hacstrum, 


Bell Telephone Laboratories. (30 min.) 


G4. Contributions of Electron-Impact Studies to Our Knowledge of Molecular Energies. D. P. 


STEVENSON, Shell Development Company. (30 min.) 


THURSDAY AFTERNOON AT 2:15 


Wardman Park, Continental Room 


(L. J. HAworTH presiding) 


Invited Paper 


H1. Photodisintegration of the Deuteron at High Energies. A. C. HeLmMunowz, University of Cali- 


fornia, Berkeley. (40 min.) 


Photonuclear Reactions 


H2. Photodisintegration of Deuterium at 180-260 Mev.* 
RAPHAEL LITTAUER AND JAMES KEcK, Cornell University.— 
Equivalent targets of D,O and H,0 are irradiated with brems- 


strahlung from the Cornell 315-Mev electron synchrotron 
Protons emitted at a given laboratory angle are counted in a 
coincidence-anticoincidence telescope, which defines a given 
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range interval for charged particles and identifies them by 
their specific ionization. The only process in deuterium which 
can give rise to protons in the range of angles and energies 
investigated is photodisintegration. No proton production is 
possible from hydrogen over this range. The energy of the 
proton determines the energy of the photon responsible for the 
disintegration, so that we are able to measure the cross sec- 
tion of the reaction as a function of photon energy and of 
proton angle. Preliminary results indicate that the differential 
cross section at 90° in the laboratory system is of the order of 
4X 10-* cm? sterad™!, and that it does not vary steeply with 
energy over the range 180-260 Mev. Our result is in good 
agreement with that obtained by Benedict and Woodward! 
at 160-Mev photon energy. 

* Work supported by the ONR. 

1T. S. Benedict and W. M. Woodward, Bull. Am. Phys. Soc. 27, No. 1, 
54 (1952). 


H3. Investigation of the Reaction C’+hv=3 He‘ with 
-Rays up to 48 Mev.* V. L, TeLeGpt, University of Chicago.— 
Nuclear emulsions of 400u-thickness (to minimize loss of high 
energy events) were exposed to bremsstrahlung from the 
Chicago betatron. Previous work! on the energy dependence 
and the mechanism of the photodisintegration of C” into 
three alphas was thus extended up to 48 Mev. From the en- 
ergy distribution of the stars and a thin-target spectrum o(hv) 
is obtained. The cross section goes after the well-known** 
peak at ~18 Mev through another maximum of roughly 4 
Mev half-width, centered around 29 Mev. Out of 250 events, 
only three are caused by quanta of more than 35 Mev. Both 
peaks are within 20 percent of the same height (0.2 mb). The 
events induced by quanta larger than 24.3 Mev appear to go 
predominantly via an excited state of Be® at approximately 
17 Mev and of 1 Mev (experimental) width, in satisfactory 


agreement with the work of Wilkins and Goward.‘ Theoretical 
considerations on the properties of this level will be presented. 


* Work partly supported by joint program of the AEC and ONR. 

1M. Eder and V. L. Telegdi, Helv. Phys. Acta. 25, 55 (1952). 

2 Goward, Telegdi and Wilkins, Proc. Phys. Soc. (London) A63, 402 
(1950 

2F. K. Goward and J. J. Wilkins, Proc. Phys. Soc. (London) A64, 201 
(1951). 

«J. J. Wilkins and F. K. Goward, Proc. Phys. Soc. (London) A64, 1056 
(1951) 


H4. Fine Structure in the O'*(y, n)O Activation Curve. 
R. N. H. Hastam, L. Katz, R. J. Horstey, A. G. W. 
CAMERON, AND R. MontaLBetti, University of Saskatchewan. 
—The energy of the University of Saskatchewan betatron has 
been found generally to be stable to within 30 kev. Under 
favorable conditions, the stability is much better. During an 
investigation of the O'%(y, m)O" reaction in the vicinity of the 
threshold under particularly stable conditions, the activation 
curve was found to consist of a number of short straight line 
portions. The discontinuities in this curve are attributed to 
the effect of photonuclear absorption by individual levels in 
O'*, Preliminary values of the energies of these levels are 
15.60, 15.84, 16.56, 16.72, and 16.96 Mev. The first level occurs 
near the threshold to be expected from mass differences,’ and 
at a considerably lower value than obtained in previous thresh- 
old measurements.? 


1 Li, Whaling, Fowler, and Lauritsen, Phys. Rev. 83, 512 (1951) 
2G. C. Baldwin and H. W. Koch, Phys. Rev. 63, 59(A) (1943); 67, 1 
(1945). 


HS. Photonuclear Yields from Copper Through Arsenic.* 
R. J. Dens, J. T. Etstncer, A. W. FatRHaLt, I. HALPERN, 
AND H. G. Ricuter, M.J.7.—The 330-Mev x-ray beam of the 
Massachusetts Institute of Technology synchrotron is being 
used in a survey of photonuclear reactions induced in a group 
of nuclides between copper and arsenic. Radioactive products 
have been chemically separated from the targets, counted on 
standardized Geiger counters, and the resulting decay curves 
have been analyzed. The relative (y, ”), (vy, »), (vy, mp), and 
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(y, 2m) yields are in good agreement with earlier experiments.! 
The y, pn (probably y, d) yields from Zn™ and Ge” comprise 
18 and 5 percent, respectively, of the corresponding y, n 
yields. For a given element, the y, pm yields are highest for the 
lighter isotopes. y, « yields run about 1 percent of +, m yields 
and reactions involving the emission of two a’s are down in 
intensity from y, m reactions by a factor of 10® to 10*. When 
a’s are emitted, they tend to be accompanied by a few neu- 
trons; for example, the ratios to the y, m yield of the yields 
corresponding to (y, 2a), (y, 2a3m) and (y, 2a6n) reactions 
on As’§ are 2, 18, and 5, X10~‘, respectively. Some of the 
activities corresponding to the emission of many nucleons are 
perhaps associated with meson production. In all the nuclides 
examined, the y, yield exceeds the sum of all the other 
yields. 

* This work was supported in part by the joint program of the ONR 


and AEC. 
1 Karl Strauch, Phys. Rev. 81, 973 (1951), 


H6. The Photoneutron Cross Sections for the Reactions 
Br*!(, n)Br® and Br*'(, n)Br®°* and an Analysis of the Ratio 
Between These Cross Sections. L. Karz, L. Pease, AND H. 
Moopy, University of Saskatchewan.—Cross-section curves 
have been measured as a function of energy for the reactions 
Br®!(y, )Br® and Br®'(y, n)Br*** and the ratio between these 
cross sections has been examined critically. The curves ex- 
hibit the peaked shape characteristic of photonuclear reactions 
with maximum cross sections of 88 and 42 millibarns, re- 
spectively. It is shown, that the ratio of the cross sections 
depends on the spins of the excited levels in which the Br®® 
nucleus is left prior to y-cascading and thus on the reaction 
leading to it. An elementary analysis based on this point of 
view gives results consistent with the ratio measured for six 
different types of reactions 


H7. Neutron Production by High Energy Quanta. K. M. 
TERWILLIGER AND L. W. Jones, University of California, 
Berkeley.—Total neutron yields from 12 elements were ob- 
tained as a function of the maximum beam energy of the 
320-Mev Berkeley synchrotron. Points were obtained at 40- 
Mev intervals from 40 to 320 Mev by cutting off the rf at the 
appropriate fraction of peak field. The neutrons were de- 
tected at 90° to the beam axis with a BF; long counter. The 
diffusion time of the neutrons and the 0.5 ysec resolving time 
of the counter allowed high counting rates with the 20 usec 
beam pulse. The yields at the different energies were normal- 
ized to the 8* activity of Cu® produced from the reaction 
Cu*(y, 2)Cu®. This normalization agreed with that made by 
total neutron yields from deuterium. Both methods are pre- 
sumed sensitive only to quanta of less than 40 Mev. The 
normalized total neutron yields from the 12 elements in- 
creased with maximum beam energy from 40 to 320 Mev, the 
40-Mev yields being about 60 percent of the 320-Mev yields. 
Using the photon difference method, cross sections for neutron 
production were estimated as a function of energy. 


H8. A Method for Determining Cross Sections from 
Photonuclear Yield Curves. L. V. SPENCER, National Bureau 
of Standards.—Various methods have been used to obtain 
cross sections from photonuclear yield curves. They rely either 
on an extremely crude approximation to the thin target brems- 
strahlung spectrum! or on a triangular system of linear equa- 
tions** which seems basically unstable, so that the cross sec- 
tions so determined become progressively less reliable at higher 
energies. A method for analyzing yield curves will be pre- 
sented which uses bremsstrahlung spectra of any available 
accuracy. This method has proved convenient and accurate. 
The bremsstrahlung spectrum is represented as a rapidly 
converging sequence of terms which are essentially functions 
of the fraction of energy radiated. The formula for the yield 
curve is represented as a “‘folding’’ of the bremsstrahlung 
spectrum over the cross section. The cross section is deter- 





SESSIONS 


mined by “folding back’’ the bremsstrahlung spectrum by 
means of an inverse operator and then differentiating in the 
manner of reference 1. 

1G. C. Baldwin and G. S. Klaiber, Phys. Rev. 80, 407 (1948). 


* Johns, Katz, Douglas, and Haslam, Phys. Rev. 80, 1062 (1950). 
+L. Katz and A. G. W. Cameron, Can. J. Phys. 29, 518 (1951). 


H9. Analysis of Some Photoneutron and Photoproton 
Experiments. ArtHUR PaskiNn, Iowa State College.—Hirzel 
and Waffler' performed several experiments to determine the 
relative proton and neutron yield from photoreactions on the 
middle-weight elements. They found an excess of photoprotons 
over that computed on the basis of the statistical theory of 
nuclear reactions.? However, it is now found that their data 
are in agreement with the statistical theory if proper emission 
thresholds are used. Hirzel and Waffler counted the photo- 
protons and neutrons from different nuclides. They made their 
comparisons as if their data were obtained from the same 
nuclide. This implied higher proton thresholds than neutron 
thresholds. Data available from current literature show that 
the particular proton thresholds in question are lower than 
their respective neutron thresholds. 

1 Hirzel and Waffler, Helv. Phys. Acta 20, 373 (1947) ; Waffler and Hirzel, 


Helv. Phys. Acta 21, 200 (1948). 
2 Weisskopf and Ewing, Phys. Rev. 57, 472 (1940). 
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H10. Angular Distribution of Neutrons Exceeding 50 Mev 
Ejected by 320-Mev Bremsstrahlung.* D. W. Kerst, L. J. 
Koester, A. S. PENFOLD, AND J. H. Smitu, University of 
Illinois.—A preliminary experiment has’ been performed on 
the angular distribution of neutrons produced in a carbon 
target by x-rays from the 320-Mev betatron. The neutrons 
produced recoil protons in a paraffin converter. Protons more 
energetic than 50 Mev were counted in a stilbene coincidence 
telescope. Thick lead shielding and an anticoincidence crystal 
preceded the paraffin converter and prevented charged par- 
ticles from counting. The neutron angular distribution shows 
yields relative to a maximum at 45° of: 30°, 0.85; 45°, 1.00; 
60°, 0.85; 80°, 0.69; 100°, 0.37; 120°, 0.35. The process de- 
scribed by Levinger' would give a maximum at a larger angle. 
Yields as a function of betatron energy indicate that a con- 
siderable fraction of these neutrons are produced by photons 
above 250 Mev. Nuclear emulsions exposed at the position 
of the proton telescope showed that no mesons were present. 
Other tests showed that electrons and secondary neutrons 
were not counted. Some measurements were also made with 
paraffin, aluminum, and copper targets. 


* Supported in part by the joint po am of the AEC and ONR, 
1J.S. Levinger, Phy:. Rev. 84, 43 51). 


AT 2:15 


Wardman Park, Burgundy Room 


(H. P. ROBERTSON presiding) 


Theoretical Physics, Including Relativity 


Il. The List of Physical Dimensions. Joun Q. STEWART, 
Princeton University.—P.W. Bridgman’s authoritative treatise 
on dimensional analysis does not discuss how many dimen- 
sions exist because this is irrelevant for that class of problems. 
He shows indeed that their solution becomes better deter- 
mined if a situation permits appending to the tally of primary 
dimensions one or more extra quantities not dimensionally 
independent. For describing classical physics as a model for 
other sciences, the question, ‘‘How many independent dimen- 
sions?” becomes significant. We suggest six in the current state 
of physical knowledge (although in a conference discussing 
physics as a model for social physics Bridgman and Duane 
Roller thought no definite count could be made), Particular 
sets of six have particular advantages: choice of energy, 
momentum, distance, and electrical charge exhibits the sym- 
metry of mechanics with electrodynamics and also avoids all 
fractional exponents for derived quantities (as pointed out by 
J. W. Stewart). One additional dimension is needed for heat, 
and a sixth for chemical equations, for example, temperature 
and Avogadro's number. The last obviously involves arbitrary 
choice of a unit of measurement, the mole, not determined by 
the other five. Necessity of such new arbitrary choice, to avoid 
expressing measurements of different things in the same unit, 
is the defining characteristic of a dimension. 


12. Conformal Invariance in Special Relativity. WESLEY 
E. Brittin, University of Colorado.—If we restrict ourselves 
to the use of conformal coordinate transformations, the metric 
of the special theory of relativity is always of the form! 
ds*=)%do*, where do?=n;;dx‘dxi and nj is given by ||nj;|| 
_1{|. By use of this metric we may use the 
formalism of Riemannian geometry to investigate the con- 
formal invariance of various equations. mj; and m” are nu- 
merical tensors of weights —} and +4, respectively, which are 


= ||n*i|| =||!—1-1 


used to raise and lower indices of weighted tensors. It is shown 
that the only conformally invariant scalar meson wave func- 
tion has a weight of }. Maxwells’ equations, as is known, are 
conformally invariant, but the Lorentz condition on the elec- 
tromagnetic potentials is not. There is no conformally in- 
variant vector wave equation of the type []¢e*+m'p«=0, 
where ([] =n‘/(0/dx*) (0 /dx’). Other equations will be discussed. 
E. L. Hill, Phys. Rev. 72, 143 (1947). 


13. Relativistic Statistical Thermodynamics. A. E. ScHEtp- 
EGGER AND R. V. KrotKov, Queen's University.—Bergmann! 
has generalized Gibbs’ classical statistical mechanics so as to 
make it applicable to both relativistic and quantum-me- 
chanical systems. His method, however, involves some com- 
plicated differential geometry, and the resulting formulas are 
not easily manageable. A different method for obtaining a 
relativistic and quantized statistical thermodynamics is pro- 
posed which avoids the differential geometry and gives simpler 
final formulas. The end results agree with the usual phe- 
nomenological relativistic thermodynamics, in which the 
entropy is a relativistic invariant, while heat and inverse 
temperature are generalized to be quadrivectors. 

The new method is essentially to replace the Hamiltonian 
operator appearing in ordinary quantum statistics by a 
quadrivector, the energy-momentum operator P. The rela- 
tivistic canonical ensemble is then defined by the density 
operator U=const exp(—@®P), which is Lorentz invariant, 
for the inner product @P is k& (2 = Boltzmann's constant) is 
then a quadrivector of inverse temperature, while the entropy 
S, defined as S=const trace (U InU), is clearly invariant, 
since U is. Heat may also be defined, in a way closely analogous 
to that used in the classical case, as a quadrivector 5Q satis- 
fying the relativistic second law k85Q =dS. 

1P. G. Bergmann, Phys. Rev. 84, 1026 (1951). 
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I4. A New Approximation for the Gravitational Field 
Equations.* JosHuUA GOLDBERG AND PETER G. BERGMANN, 
Syracuse University.—In the approximation method intro- 
duced by Einstein and Infeld, the velocities of the particles 
are assumed to be small compared with the velocity of light.’ 
However, the restriction to slow motion rules out the in- 
vestigation of possible gravitational radiation. If this re- 
striction is dropped, one has difficulty integrating the field 
equations beyond the first order, as the higher orders require 
advance knowledge of the particle’s motion. In order to by- 
pass this difficulty we propose to investigate the field equations 
in the Hamiltonian formalism. This approach has the ad- 
vantage that all the field equations are solved with respect to 
the highest time derivatives—the first—and that, therefore, 
solutions of the canonical field equations can be built up as 
Taylor expansions in time. Once we have chosen initial values 
for the field variables consistent with the primary and sec- 
ondary constraints, the problem of investigating the motion 
and radiation of the particles is reduced to the evaluation of 
certain surface integrals.” 

* Supported by ONR. 


1A. Einstein and L. Infeld, Can. J. Math. 1, 209 (1949). 
2 J. Goldberg and R. Schiller, Bull. Am. Phys. Soc. 27, 45 (1952). 


I5. The Structure of the Canonical Coordinate Transforma- 
tion Group.* PereR G. BERGMANN AND RALPH SCHILLER, 
Syracuse University—In a variational principle of ordinary 
mechanics, time and the (negative) energy can be converted 
formally into dynamical variables in an expanded phase 
space of (2f+2) dimensions. The group of canonical trans- 
formations in that expanded space includes coordinate-de- 
pendent changes in the time scale. In a field theory, a similar 
formalism can be developed by the introduction of so-called 
parameters. The introduction of the first three parameters 
(u*) creates no problems but causes the first three x* and their 
conjugate (linear momentum) densities to become canonical 
variables. However, the replacement of x‘ by a new parameter 
(t) gives rise to the equivalent of infinitely many new dy- 
namical variables x*(u*) and is, therefore, not quite equivalent 
to the introduction of a parameter in mechanics. Coordinate 
transformations involving all four coordinates can be repre- 
sented by canonical transformations and by a generating 
functional. Parameter transformations, if they involve 4, 
may either be represented merely by a new choice of initial 
conditions, without a canonical transformation, or by a new 
choice of hyper-surface system in function space, combined 
with a canonical mapping. In the quantized theory, these 
troublesome parameter transformations do not occur. 

* Supported by ONR. 

16. Canonical Coordinate Transformations and Constraints 
in Nonlinear Theories.* RALPH SCHILLER AND PETER G. 
BERGMANN, Syracuse University.—In Lorentz-covariant field 
theories, the infinitesimal variations of the four-dimensional 
action integral depend only upon a functional over a three- 
dimensional hypersurface of space-time, when the field equa- 
tions are satisfied. However, in theories whose field equations 
are covariant under arbitrary coordinate transformations, the 
variation of the action integral can be shown to vanish 
identically under a variation generated by an infinitesimal 
coordinate transformation. First the variation is equal to a 
vanishing total divergence integrated over four-space. The 
fourth component of the pseudo-vector whose divergence 
vanishes is then shown to be a constant of the motion when 
integrated over a spatial domain. This integrated fourth 
component of the pseudo-vector becomes our generating func- 
tional when we pass over to the Hamiltonian form of the 
theory and assume that the field equations are satisfied.' It 
then generates the infinitesimal coordinate transformations of 
all the canonical field variables. The generating functional can 
be utilized to find the explicit form of the primary and second- 
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ary constraints of covariant theories and the equations of 
motion of singularities as well. 


* Supported by ONR 


1 Rosenfeld, Ann. Physik 5, 113 (1930). 


17. A Possible Solution of the Clock Paradox. RicHARD 
SCHLEGEL, Michigan State College—The gravitational field 
treatment of the clock paradox* has been widely regarded as 
not giving a satisfactory solution. In nature the Lorentz time 
transformation is exemplified by particle and photon waves, 
since that transformation gives the space-time relations for 
both deBroglie and electromagnetic waves. No paradox results 
from observation of such waves because the periodic ‘‘wave” 
oscillations possess no aperiodic feature. (A proper clock must 
have a noncyclic characteristic as well as uniformly recurring 
cycles.) The relativistic clock paradox may be avoided, then, 
by restricting the Lorentz equation, t/ = (t—xv/c*)/(1—v*/c*)4, 

» “Lorentz processes’ which result from inter-relatedness of 
space and time. The equation would then not be valid for 
“Clausius processes," that is, for clocks or processes generally 
for which an entropy may be defined. This proposed restric- 
tion is in accord with the customary result that the entropy 
of a system is Lorentz invariant and justifies the assumption 
of a common time in cosmological models. The constance of ¢ 
is assured by applying the Lorentz transformations to the 
space and time intervals of electromagnetic waves rather 
than to entropy clocks. Ives’ experiments and meson decay 
measurements will be discussed. 


*R. C. Tolman, Relativity, mg and Cosmology (Oxford 
University Press, London, 1934), pp. 194-1 


I8. On Darling’s Theory of the Elementary Particles and 
Born’s Reciprocity Hypothesis. Hans Freistapt, Dublin 
Institute for Advanced Studies.*—The operator f=2J,(z)/z, 
which appears in Darling’s “Theory of the Elementary Par- 
ticles’! is a solution? of (0?/dz,2+1)f=0, an equation formally 
analogous to the Klein-Gordon equation, of which it is the 
counterpart in Born’s reciprocity theory.’ In line with Born's 
ideas, we would expect solutions of this equation to have some 
significance in the theory of elementary particles. The mass 
spectra proposed by Darling! and Zilsel‘ are slightly modified, 
so as to include neutral particles. If the masses of the electron, 
x, xt, and proton are used to adjust parameters, the spec- 
trum contains masses that might be identified with the neu- 
trino, u*, r*+,5 Vi°, and V2°.6 The mass of the neutron is not 
included in the spectrum. 

* Now at Newark College of E ngineering. 

1B. T. Darling, Phys. Rev. 80, 460 (1950 

2 E, Schrédinger, Proc. Roy. Irish Acad. 47, 1 (1941). 

3M. Born, Revs. Modern Phys. 21, Cad (1949), 

4P.R, Zilsel, Phys. Rev. 82, 557 (19 

’ P. H. Fowler et al., Phil. Mag. 42, S100 (1951); P. E. Hodgson, Phil. 


Mag. 42, 1060 (1951). 


*R. Armenteros e/ al., Phil. Mag. 42, 1113 (1951). 


I9. On Uniqueness in the Theory of Fundamental Length.* 
B. T. DartinG, Ohio State University AND P. R. ZILSEL, 
University of Connecticut.—The invariant operator of dis- 
placement by the timelike interval 

2w, f(u) =2J;(2wu)/2wu, (u=9/dx~), (1) 


which was obtained originally* as the average of a noninvari- 
ant operator over the rotation group in four dimensions, can 
be derived uniquely from simple considerations: Such a dis- 
placement operator must satisfy [2(Ax,)?+4w*]f=0 or, in 
the u representation 


(20?/du,?+4*) f=0, (2) 


the ‘reciprocal’! Klein-Gordon equation. As was shown by 


Schrédinger? for the ‘“‘ordinary’”’ Klein-Gordon equation, the 
only invariant solution of (2) which satisfies the correspond- 
ence principle requirement* f—>1 as w—0, is (1). General 
invariant nonlocal operators occurring in other theories can 
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be expressed either in terms of (1), or in terms of the operator* 


(2J2+J,)/z by Fourier-Bessel type integrals over w and do 
not correspond to a well-defined fundamental displacement. 
* B. T. Darling, Phys. Rev. 80, 460 (1950). 


1M. Born, Revs. Modern Phys. 21, 463 (1949). 
1 E. Schrédinger, Proc. Roy. Irish Acad. 47Al (1949). 


110. The Aether of Dirac in the Light of Contemporary 
Field Theory. ALEXANDER W. STERN.—Because of the in- 
finite energies existing even in weak coupling theories, Dirac 
has been prompted to experiment with field theories':* where in 
the interaction is not treated as a perturbation. His new 
classical field theory? does not consider the electron apart 
from its interaction with the electromagnetic field. The re- 
cently rediscovered aether of Dirac’ may be interpreted as 
interaction isolated as action, suggesting the well-known grin 
of the absent cat, except that here the grin exhibits a quantum- 
mechanical shape. By the introduction of this aether in his 
classical electromagnetic theory, Dirac has placed interaction 
on an equal footing with particle and field. Isolated particle, 
field, or interaction may be legitimately viewed only as theo- 
retical idealizations. It is instructive to note certain aspects of 
similarity between the vacuum of quantum field theory and 
the aether in Dirac’s classical theory. The properties of the 
aether with respect to the free electromagnetic field of his 
theory are such that it may be said to behave in the manner 
of a “quantized vacuum.”’ Thus, the vacuum takes on dy- 
namical properties in classical theory as well us in quantum 
theory. In classical theory the aether or vacuum exhibits 
velocity properties with respect to the electromagnetic field, 
while in quantum theory there are the vacuum field fluctua- 
tions with respect to the quantized electromagnetic field. 

1P. A. M. Dirac, Nuovo Cimento 7, 925 (1950). 


2P. A. M. Dirac, Proc. Roy. Soc. (London) A209 (1951). 
+P. A. M. Dirac, Nature 168, 906 (1951). 


I11. The Cell Method in the Grand Canonical Ensemble. 
Joun M. RIcHARDSON AND S. R. BRINKLEY, JR., U. S. Bureau 
of Mines.—Starting with the Kirkwood! formulation in the 
petit canonical ensemble, the cell method of classical sta- 
tistical mechanics is generalized to the case of the grand 
canonical ensemble. The summation over the possible states 
of a system then factors into a product of independent summa- 
tions over the states of individual cells. Here the term “‘state”’ 
is used in an extended sense including numbers of particles of 
each type as well as their representative points in phase space. 
If the distribution function is approximated by a product of 
factors, each depending upon the state of each cell, it is pos- 
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sible to obtain a generalized form of the free-volume theory of 
liquids for the case of mixtures. To obtain this, the pressure 
is maximized with respect to the cell size and the functional 
form of each factor keeping the temperature and chemical 
potentials fixed. A special application of this method will be 
discussed in the following paper. In the limit of zero cell size, 
an interesting alternative formulation of statistical mechanics 
is obtained. 
1J. G. Kirkwood, J. Chem. Phys. 18, 380-382 (1950). 


112. Application of the Cell Method in the Grand Canonical 
Ensemble to the Equation of State of a Liquid Mixture. S. R. 
BRINKLEY, JR., AND JoHN M. Ricwarpson, U. S. Bureau of 
Mines.—The theory of the last paper is explicitly applied to 
the derivation of the equation of state of a liquid mixture. 
Use is made of the pressure maximization principle using an 
approximate factorization of the distribution function into 
factors dependent upon the states of individual cells. In the 
cell states, only vacancies and single occupancies are con- 
sidered. As usual, the free volume of component a may be 
defined as the partition function (in the petit canonical sense) 
of a cell singly occupied by a molecule of type a with the inter- 
action with surrounding cells averaged over their states. Using 
the Lennard-Jones potential function and the Lennard-Jones 
Devonshire! approximation to the average interaction, the 
equation of state for mixtures is obtained in a form employing 
only previously tabulated functions.? The most satisfactory 
cell size is obtained by maximizing the ,ressure with respect 
to this quantity. This theory is satisfactory only if the mole- 
cules are nearly the same size. The problem of greatly different 
molecular size will be discussed. 

1 Lennard-Jones and Devonshire, Proc. Roy. Soc. (London) A163, 53 
(1937); 165, 1 (1938). 


2? Wentorf, Buehler, Hirschfelder, and Curtiss, J. Chem. Phys. 18, 1484 
(1950). 


113. The Relation of Monte Carlo and Variational Calcula- 
tion Methods in Quantum Mechanics. J. K. BracG, General 
Electric Research Laboratory.—The Monte Carlo method for 
the calculation of the eigenvalues of Schrédinger'’s equation 
involves the solution of the corresponding diffusion equation 
(with creation and destruction) by a sampling procedure. 
The continuous diffusion paths are replaced by discretized 
paths of a finite number of steps in this process. It will be 
shown that, for a large number of steps, this method becomes 
equivalent to that of minimizing the ordinary variational 
integral by a trial method. 


THURSDAY AFTERNOON AT 2:15 


Shoreham, Terrace Room 


(S. A. KorrF presiding) 


Invited Papers on New Cosmic-Ray Particles 


IA1. Some Recent Studies of V-Particles. R. B. LeiGuton, California Institute of Technology. 


(40 min.) 


IA2. V-Particles. W. B. FRETTER, University of California, Berkeley. (40 min.) 
IA3. Report on Recent Work at Bristol University, England. E. P. GeorGe, Birkbeck College. 


(40 min.) 
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FRIDAY MorRNING AT 9:15 


NBS, East Building Lecture Room 


(R. G. BRECKENRIDGE presiding) 


Mostly Non-Metallic Crystals 


Jil. Electron Scattering Experiments at Low and Middle 
Energies.* |.. Marton, National Bureau of Standards. 
\n instrument has been built for the observation of the 
velocity and angular distribution of scattered electrons from 
solid scatterers. In the present arrangement a well-collimated 
beam of electrons is directed onto the target, the orientation 
of which is adjustible with five degrees of freedom. Beam 
energies between 0.1 and 15 kev have been used to date. 
Provisions have been made for extension of this energy range 
up to 150 kev. A magnetic analyzer for the scattered beam is 
mounted on a turntable which carries the detector. The an- 
alyzer can cover an angular range of about 330 degrees, ex- 
clusive of a back scattering angle of +15 degrees. Early ex- 
periments show that the analyzer has an energy resolution of 
about one percent. Design features and preliminary scattering 
experiments will be discussed. 


* Work supported by the ONR. 


J2. (Abstract withdrawn.) 


J3. A Mechanism Causing Variations of the Axial Ratio 
in Noncubic Metallic Crystals. Jonn B. GoopENnouGn, 
University of Chicago.—A mechanism is proposed to show how 
the Fermi surface exerts a force of attraction on the Brillouin 
zone boundaries. The direction and relative magnitude of the 
variation of the c/a ratio for hexagonal crystals from the ideal 
value for close packing are predicted as a function of the 
electron-atom ratio, and these predictions are compared with 
values of lattice parameters which are reported in the literature. 


J4. Internal Fields in Crystals. E. T. JAyNEs, Stanford 
University.—Many years ago, Ewald! developed a method for 
numerical calculation of internal fields at any given point in a 
crystal lattice, by means of a transformation which converts 
a slowly converging sum over lattice points into a rapidly 
converging one. In this way one obtained various Lorentz 
factors relating internal field at specified points to polarization 
caused by a particular lattice of dipoles. In recent theoretical 
treatments of ferroelectricity? and dielectric properties of 
crystals, refinements have been introduced which make use of 
the internal fields throughout a certain region of the unit cell, 


rather than at isolated points, and a new method for numerical 
evaluation is needed. Taking advantage of symmetry proper- 
ties of the internal fields, the potential due to a lattice of 
multipoles may be found as the solution of a boundary-value 
problem, and expressed as an expansion in orthogonal func- 
tions. In this way the fields at nearly all points within the unit 
cell are given by a single expression which, by proper choice 
of the base functions, can be made to converge as rapidly as do 
the Ewald sums. In practice, this means that two or three 
terms in the sum give all the numerical accuracy that can be 
used in present theories. 


1P, P. Ewald, Ann. phys. 64, 253 (1921). 
2M. A. Cohen, Phys. Rev, 84, 368 (1951). 


J5. Six-Dimensional Representation of Stress and Strain 
in a Face-Centered Cubic Crystal. A. V. HersHey, Naval 
Proving Ground.—Stress and strain may be represented by six- 
dimensional vectors whose squares are scalar invariants of the 
three-dimensional stress and strain tensors. If the covariant 
components of shear are twice the contravariant components 
of shear in the six-dimensional vectors, then the conventional 
elastic constants are represented by a six-dimensional tensor 
whose covariant or contravariant matrices are symmetric. 
The work of deformation is the scalar product of the stress 
and the increment of strain. The resolved shear stress in a 
plastic slip system is the scalar product of the stress and the 
strain per unit slip. There are twelve slip systems in a face 
centered cubic crystal, there are 349 plastic states with differ- 
ent sets of shear stresses equal to the slip stress, and there are 
954 plastic states with independent sets of active slip systems. 
Only twenty-three plastic states need to be analyzed in detail 
because of symmetry. The stress-strain relations of the plastic 
crystal can be summarized by compact six-dimensional 
formulas. 


J6. The Interaction of Excitons and Phonons. PavuL 
LEURGANS AND J. BARDEEN, University of Illinois.—The 
interaction between excitons and phonons is examined to de- 
termine the mean free path of thermal excitons for scattering 
by lattice waves. Using the idea of deformation potentials,! 
we compute the magnitude of the interaction from the change 
in band gap with dilation. From the values of the change in 
band gap given in reference 1, the mean free path in Ge is 
found to be 103A at 300°K and 3000A at 10°K. In NaCl, the 
known thermo-optic behavior is used to evaluate the band gap 
shift, from which the mean free path is found to be 12A at 
300°K. Also considered are second-order effects caused by 
electric fields, arising either from energy band shifts in non- 
polar semiconductors (Ge) or from “polarization waves” in 
polar crystals. The resulting polarization interactions are 
found to be small compared to the interactions arising from 
the change in band gap. 


1 J. Bardeen and W. Shockley, Phys. Rev. 80, 72 (1950). 


J7. Piezoelectricity, Ferroelectricity, and Crystal Structure.* 
A. von Hipret, M.J.T.—By visualizing polar crystals as a 
network of permanent dipole moments, the piezo- and ferro- 
electric properties of dielectrics may be derived from the 
standpoint of molecular symmetry. This approach is used to 
clarify the relation between the sphalerite and wurtzite struc- 
tures, the ferroelectric feedback effect in barium titanate, 





SESSION J 201 


aspects of domain formation, and the interrelationship between 
ferro- and piezoelectricity. 


* Sponsored by the ONR, the Army Signal Corps, and the Air Force. 


J8. Some Dielectric Properties of Barium-Strontium Ti- 
tanate Ceramics. LuTHER Davis, JR., AND LAWRENCE G. 
RuBIN, Ratheon Manufacturing Company.—Dielectric proper- 
ties of ceramics of barium titanate, strontium titanate, and 
some mixtures of the two have been studied. A plot of the 
Curie temperatures vs weight percent showed an essentially 
linear relationship. The dielectric constant e’/¢9 of some mix- 
tures was measured as a function of temperature at frequen- 
cies of 1 kc, 10 kc, 500 kc, and 3000 me with no frequency 
dependence apparent at temperatures above the Curie point. 
e'/eo for 73 BaTiO;—27 SrTiO; was measured as a function of 
applied de field and temperature for both low and microwave 
frequencies. Such data showed a decrease of e’/¢9 and an in- 
crease in the temperature of the Curie point with an increase 
in field. A null detection microwave bridge determined the 
phase and amplitude of the 10 cm wave propagated through 
the ceramic sample in the coaxial mode. The linearity of a 
Curie Weiss plot was used to ascertain the electrical length 
of the sample. Use of samples of various lengths verified these 
results. The loss tangent (tané) at 3000 mc showed an increase 
over its low frequency values. However, above the Curie 
point, these values were not so large as to preclude the possi 
bility of using titanate materials as circuit elements in micro- 
wave devices. 


J9. Comparative Elastic Studies of Single Crystals of the 
CaF, and CsCl Types.* Lewis S. Comses, STANLEY S. BAL- 
LARD, AND Katuryn A. McCartuy, Tufts College.—Values 
for Young’s modulus, apparent elastic limit, and modulus of 
rupture have been reported! for several crystals of the NaCl 
type. Additional data have been obtained on these three 
properties for five more crystals: calcium fluoride, barrium 
fluoride, cesium bromide, thallium chloride, and thallium 
bromide-iodide (KRS-5). The measurements were made in 
flexure, as before, on bars cut from single crystals. Typical 
stress-strain curves will be shown. For both calcium fluoride 
and barium fluoride the elastic limit and modulus of rupture 
were found to coincide, i.e., Hooke’s law is obeyed to the point 
of rupture. Measurements made on bars of thallium bromide- 
iodide, each cut with its long axis approximately 10° from a 
100 direction in the crystal, give values of 2.3 x 10" dyne cm=?* 
for Young's modulus and 73X10? dyne cm for apparent 
elastic limit. These values are considerably larger than those 
previously reported :? 1.610" and 26X10’ dyne cm™ for 
Young’s modulus and apparent elastic limit, respectively, 
obtained for a bar cut with its long axis approximately in a 
110 direction. 

* This work has received support from the Permanent Science Fund of 
the American Academy of Arts and Sciences. 

1 At the New York meeting of the American Physical Society on February 


2, 1952 
2C ombes, Ballard, and McCarthy, J. Opt. Soc. Am. 41, 215 (1951). 


jJi0. X-ray Absorption in the Calcite Crystal.* GuENTER 
SCHWARZ AND GEORGE L. RoGosa, Florida State University.— 
Recently Campbell! has shown that in crystals set at the Bragg 
angle, the transmitted intensity is higher than one expects 
from the absorption coefficient of the material. Most of this 
work was done using CuKa radiation. Bragg has found that 
at short wavelengths the intensity transmitted through rock 
salt decreases when the crystal is set at the Bragg angle. 
Experiments have been performed on calcite crystals of vari- 
ous thicknesses at wavelengths from 0.7A to 2.3A. Mono- 
chromatization was obtained using a double crystal spec- 
tometer. The results of Campbell and Bragg can be confirmed. 
However, at 0.7A, for example, we find that when the crystal 
is rotated through the Bragg angle, the transmitted intensity 


may increase or decrease depending on the crystal thickness. 
In some cases the transmitted intensity differs depending on 
whether the angle at which the radiation falls on the crystal 
is smaller or larger than the Bragg angle. At the Bragg angle 
the intensity goes through a minimum and then through a 
maximum. 


* This work was supported by the Research Corporation. 
1H. N. Campbell, J. Appl. Phys. 22, 1139 (1951). 


Jil. Theory of Optical and Thermal Transitions in Solids. 
Ryoco Kuso, University of Chicago.—Let F(AE) be the prob- 
ability density of a transition process with the jump of energy 
equal to AE in the presence of a perturbation H’. Then the 
Laplace-transform of F is generally expressed in the form, 
L,F=trace[p(8—\)H'p(\)H’]/trace p(8), where p is the 
density matrix and } is the generating parameter.! The trace 
should be taken in a subspace properly chosen to fit the 
physical nature of the unperturbed states. This method is 
applied here to optical and thermal transitions of electronic 
states in solids. At high temperature limit we have naturally 
the semiclassical pictures usually adopted on the basis of 
Frank-Condon principle and activated state theory of reac- 
tion rates. At low temperatures wave-mechanical interference 
effects dominate. If the atomic motions are assumed to be 
harmonic, the normal modes differing between different elec- 
tronic states, the calculations are easily carried out, and if 
only the optical modes are included we reach at once the 
results of Huang and Rhys.? Applications are also discussed 
to nonpolar crystals. 


'R. Kubo, J. Chem. Phys. (to be published). 
2K. Huang and A. Rhys, Proc. Roy. Soc. (London) 204, 406 (1950). 


Ji2. Theory of the Shape and Width of Bands in the 
Vibrational Spectra of Crystals. Tuomas H. WaLNut, The 
University of Chicago.—A method has been found for relating 
the width and shapes of observed vibrational bands of perfect 
crystals to the anharmonic part of the potential function. In 
formulating this method it was necessary to develop a new 
way of treating mechanical anharmonicity in crystals in terms 
of the moments of the observed frequencies above given points. 
General expressions are given for these moments as a function 
of temperature and approximate relations have been found 
for special cases in molecular and ionic crystals. The basis 
functions used in the treatment were harmonic oscillator 
functions whose coordinates were the crystal normal coordi- 
nates that most closely approximated the true potential func- 
tion at a given temperature. 


J13. Micellar Structure in Silicate Glass. A. F. Presus, 
The Ohio State University, anD J. W. MICHENER, Owens- 
Corning Fiberglas Corporation.—Electron transmission micro- 
graphs of glass show that several silicate glasses possess in- 
homogeneities in composition on a scale greater than that 
postulated by Zachariasen' and by Warren.? A glass of com- 
position: Si0.—54.6 percent; Al,O;+Fe:0;—14.8 percent; 
CaO—17.4 percent; MgO—4.5 percent; B,0,—8.0 percent; 
Na,O+K,0—0.6 percent; possesses sinuous or helical chain 
structures having widths of about 30A and lengths of several 
hundred A. Fine flame blown fibers of the same glass possess 
silica chains of greater length and these are aligned with the 
fiber axis. A glass of composition: Si0.—63.6 percent; Al,O; 
—3.8 percent; Fe,0,;—0.2 percent; CaO—14.0 percent; 
MgO—2.6 percent; B,O;—6.7 percent; NazO—8.7 percent; 
K,0—0.4 percent; possesses similar aggregates which tend to 
form rods in parallel alignment. The second phase of these 
glasses appears homogeneous and flows readily at fractured 
surfaces. 

1W. H. Zachariasen, J. Am. Chem. Soc. 54, 3841 (1932). 


2 Warren, Krutter, and Morningstar, J. Am. Ceram. Soc. 19, 202 (1936); 
B. E. Warren, J. Am. Ceram. Soc. 24, 262 (1941). 
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Ji4. Dynamic Behavior of Nylon Filaments.* D. J. Mont- 
GOMERY AND W. G. HAMMERLE, Textile Research Institute.— 
Stress-relaxation measurements with 30-denier (6.1107 cm 
diameter) drawn 6,6-nylon filaments at fixed elongations of 
1-2 percent showed the stress decay to be approximately 
linear in the logarithm of the time. From this relationship the 
behavior of the material in forced or free oscillation can be 
calculated. To verify the predicted behavior, free oscillations 
of a torsional pendulum supported by the filament were ob- 
served in the range 0.001 to 0.1 vibration per second. As usual, 


SESSIONS J AND JA 


the results are expressed in terms of a Voigt model consisting 
of Hookean spring and Newtonian dashpot in parallel. The 
observed dependence of the spring constant and the viscosity 
on frequency agreed satisfactorily with the predicted form. 
The Voigt model has only the most limited physical validity ; 
for it may be shown that the viscosity force fails to be pro- 
portional not merely to the first derivative of the displace- 
ment, but indeed to any derivative or integral of the dis- 
placement. 
* Supported by the ONR. 


FriIpAY MornNING AT 9:30 


Shoreham, Terrace Room 


(L. M. LANGER presiding) 


Radioactive Nuclei from Gallium Onward 


JAl. Gamma-Rays in the Decay of Ga**, L, G. Mann 
AND W. E. Meyernor, Stanford University—A 3-crystal 
scintillation pair spectrometer of the type suggested by 
Hofstadter has been used to study the gamma-rays in the decay 
of 9.2-hr Ga®. The Ga® was produced in the Berkeley 60” 
cyclotron by the Zn(p, m) reaction and was chemically sepa- 
rated. Gamma-rays with the following energies (in Mev) and 
relative intensities, corrected for pair cross section, were 
found : 4.78(0.03), 4.43(0.02), 4.29(0.08), 3.79(0.07), 3.38(0.10), 
3.21(0.06), 2.75(1.00), 2.43(0.2), 2.20(0.3), 1.93(0.2), and pos- 
sibly 1.39(0.1). The gamma-ray energies were also checked, 
as far as possible, by a single crystal pair spectrometer and the 
strong 1.05-Mev gamma-ray was found, but no gamma-rays 
of lower energy were noticed. The gamma-rays can be fitted, 
in approximate agreement with beta-decay intensities, into 
the following system of levels of Zn®: 4.78, 4.43, 4.29, 3.79, 
3.25, 2.43, and 1.05 Mev. These levels are in agreement with a 
decay scheme of Ga® suggested by Preiswerk and Mukerji 
(private communication) except for the 4.3-Mev level which 
seems to be double and a 2.75-Mev level which is replaced here 
by a 2.43-Mev level. A suggested decay scheme of Ga® will be 


discussed 


JA2. Beta-Gamma Angular Correlation in As”. S. L. 
RiIpGWAY AND F, M. Pipkin, Princeton University.—Differen- 
tial beta-gamma angular correlation has been investigated with 
selection of beta-energy in a magnetic spectrometer arrange- 
ment similar to that of Stevenson and Deutsch,! but with all 
magnetic shielding at the photomultipliers. The results for 
Rb* agree with those of Deutsch,! for As” the coefficient a of 
the angular correlation 1+<a cos*@ rises from +0.04+0.02 to 
+0.07+0.03 from 1.4 to 2.0 Mev. With the decay scheme 
determined by the spectrometer evidence, the result cannot 
be fit by a single beta-matrix element in any interaction. The 
situation seems to require an interpretation on the basis of 
interference of matrix elements as was done by Fuchs? for the 
case of Rb™, and an interpretation on this basis will be dis- 


cussed. This work was supported in part by the AEC. 


11D. T. Stevenson and M, Deutsch, Phys. Rev. 83, 1202 (1951). 
2M. Fuchs, thesis, University of Michigan (1951). 


JA3. Additional Branch in the Decay Scheme of Zr**,.* 
F. J. Sore, H. N. Brown, W. L. BENDEL, AND R. A. BECKER, 
University of Illinois.—The 4.4-minute! isomeric state, pro- 
duced by probe irradiation of Zr metal and ZrO, in the 22-Mev 
betatron, has been found using a scintillation spectrometer to 
be accompanied by a 1530-kev gamma-ray. Coincidences were 


observed between a particle group and gamma-rays of energy 
greater than 600 kev. Al absorption of the radiations in the 
particle counter yielded a maximum particle energy of about 
850 kev on comparison with positrons from 79-hour Zr** and 
Na”? This is the approximate energy to be expected for a 
positron group going from Zr*®” to an excited state of Y** 
at 1530 kev above its ground state. The intensity of the 1530- 
kev gamma-ray is about 7 percent that of the 586-kev gamma- 
ray emitted in the transition from Zr**” to the ground state of 
Zr**, The intensity ratio remained constant with the following 
were varied: isotopic composition of the source,? betatron 
energy (14, 17.5, 22 Mev), probe material (Pb, Cu), and irradi- 
ation geometry. This, together with the 4.4-minute half life, 
confirms that Zr%(y, »)Zr®®™ is the process leading to the 
1530-kev gamma-ray branch. 

* Supported in part by the joint program of the AEC and ONR. 

1 Shore, Bendel, and Becker, Phys. Rev. 83, 688 (1951). 

2 Na® and enriched Zr® supplied through the kind cooperation of the 
AEC at Oak Ridge. 


JA4. Radioactivity in Ruthenium 103.* J. M. LEBLANc, 
F. B. Srumpr, W. H. Nester, AND J. M. Cork, University of 
Michigan.—It has been generally agreed that the 40-day 
radioactivity in ruthenium is ascribable to mass 103 and con- 
sists of two beta- and two gamma-rays. By use of both the 
fission product and specimens irradiated in the pile, it appears 
from spectrometric studies that there are several additional 
previously unreported gamma-rays. The gamma-energies as 
found are—39.6, 52.9, 295.2, 598.5, and 610.6 kev in addition 
to certain other lines due to Ru 106. An obvious level scheme is 
presented together with the K/L ratios for two of the gamma- 
rays and the suggested multipolarities of the transitions. 


* This project was assisted by the joint support of the ONR and AEC. 


JAS. Radioactivity of Pd''. Cart L. McGinnis, Uni- 
versity of California, Berkeley.—A 20-Mev deuteron bombard- 
ment of palladium has produced a 5.5-hr Pd activity which 
has a 2.15-Mev beta-spectrum associated with it. The 7.5-day 
Ag"! has been extracted chemically from a 5.5-hr Pd parent 
which assigns this new activity to Pd''". The 27-min ground 
state of Pd" decays with a 2.15-Mev beta-spectrum to an 
excited state of Ag!" whose 60-kev conversion electrons have 
been observed. On the basis of the shell model the following 
assignments are made: Pd!" h 11/2, Pd™ d 5/2, Agt™ 
7/2, and Ag" p 1/2. 


JA6. The Decay of the Cd''® Isomers. R. W. Haywarp, 


National Bureau of Standards.—By use of a magnetic lens and 
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a scintillation spectrometer the radiations from the 2.3-day 
and 43-day Cd"* isomers were studied. The 2.3-day isomer 
decays by two beta-groups with upper energies of 1.12+0.01 
Mev (~60 percent) and 0.60+0.02 Mev (~40 percent) and 
the 43-day isomer by three groups of 1.63+0.01 Mev (~98 
percent), 0.7 Mev (~2 percent), and a weaker branch at 
0.35 Mev. Besides the 335+1 and 525+5-kev gamma-transi- 
tions an additional cascade of 360 and 500-kev gammas was 
found in the disintegration of the 2.3-day Cd oe coincidence 
and scintillation spectrometer measuremens. The 4.5-hr state 
of In" is not involved in this latter cascade. Gamma-rays of 
1280, 950, 500, and 450 kev are present in the decay of the 
43-day Cd"*. The relative intensities of these gamma-radia- 
tions, together with shell model considerations, lead to a level 
scheme in In"* as follows: ground state, go2; 335 kev, pis; 
500 kev, ds/2; 860 kev, d3/2; 950 kev, gz/2; and 1280 ke ., Aye. 
The 2.3-day state of Cd"* is 1.45+0.01 Mev above the ground 
state of In"5, and the 43-day Cd!" level is 180+10 kev above 
the 2.3-day state. 


JA7. Effect of the Electron Shell on Angular Correlations.* 
Jan C. KLUYVER AND Martin Deutscu, M.J.7.—The results 
of Frauenfelder et al.' on the effect of the chemical state of a 
source of In'" on the angular correlation of the gamma-rays 
emitted in its decay were confirmed. In addition we find that 
sources of dilute Inz(SO,); solution give a correlation of the 
form W(@)=1—0.19 cos?@ very similar to that obtained with 
the best metal sources. Sources of dry indium sulfate give a 
nearly isotropic correlation as do sources of the oxide. The 
interest of this observation lies mainly in the fact that solution 
sources are much easier to prepare and more reproducible than 
the metallic films previously considered necessary for obtaining 
unperturbed correlations. 


* Supported in part by the point progr. am of the ONR and AEC. 
P} 


(1951); Bishop, F rauenfel ler, 


82. 350. 


! Frauenfelder iys Aeppli, 


Walter, and Ziinti, Phys. Rev. 


JA8. Radiations from Sn'**.* R. I. MENDENHALL, C. E. 
MANDEVILLE, E. SHapiro, E. R. ZUCKER, f AND G. L. CONKLIN, 
Bartol Research Foundation.—Targets of polyisotopic raw tin 
and of isotopic Sn' (isotopic concentration 95 percent) have 
been irradiated on four occasions in the Oak Ridge pile. Chem- 
ical separations were performed for the removal of Sb, Te, and 
other impurities. By aluminum absorption the beta-rays of 
the 10-day Sn'* were measured to have an energy of ~2.3 
Mev. Coincidence absorption revealed the presence of a hard 
gamma-ray at 1.67+0.10 Mev which decayed with the 10-day 
period.{ The beta-gamma coincidence rate of Sn'* decreased 
to zero at ~170 Mc/cm? in aluminum, suggesting that an 
inner beta-ray group at ~0.5 Mev is in immediate coincidence 
with the hard gamma-ray. By placing lead before the gamma- 
ray counter, e~—vy coincidences from any contaminating 
15-day Sn"’" were shown to be absent. 

* Assisted by the joint program of the ONR and AEC. 

t Frankford Arsena 


¢ Also obse ay at Oak Ridge. G. E. 
circular 499, p. 33 


Boyd et al., Supplement 2, NBS 


JA9. Properties of the Nuclear Levels Associated with the 
Decay of Sb'?*.* MicHaEL J. GLAUBMAN AND FRANZ R. 
METZGER, University of Illinois. —2.8d Sb'® was found to de- 
cay by beta-emission to the ground state and to 0.56- and 1.24- 
Mev excited states of Te. All three beta-ray spectra can be 
classified as first forbidden. The transition to the ground state 
belongs to the AJ =2, yes, group. Assuming spin zero and even 
parity for the ground state of the even-even Te'™ nucleus, we 
have to assign spin two and odd parity to the Sb'™ ground 
state. This is consistent with the combination of a g7/z proton 
and an Aji;2 neutron. The K conversion coefficient of the 
0.56-Mev gamma-ray was determined as 0.49+0.04 percent, 
which unambiguously characterizes the transition as electric 
quadrupole, and the first excited state in Te’ as 2, even. A 
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0.68-Mev transition leads from the 1.24-Mev excited state to 
the 0.56-Mev level. In the angular correlation between the 
0.68- and 0.56-Mev gamma-rays the coefficient of the cos*é- 
term is negative, that of the cos‘@-term positive. The only 
cascade leading to a zero spin ground state that will agree with 
the measured correlation is the 2-2-0 one. The 2-2 transition 
is mixed, 80 percent being electric quadrupole, 20 percent 
magnetic dipole. 
* Supported in part by the joint program of the ONR and AEC, 


JA10. Erbium 165. D. N. Kunpvu, J. D. SERVICE, AND 
M. L. Poot, Ohio State University, AnD G. E. Boyp, Oak Ridge 
National Laboratory.—A proton bombardment of holmium 
was reported! to yield a 10-hour activity in the erbium fraction 
decaying solely by the emission of electromagnetic radiation. 
Others,? however, did not obtain this activity in the erbium 
fraction from a 19-Mev deuteron bombardment of holmium. 
An activity of 9.9+0.1-hour half-life measured over a period 
of 5 half-lives has been produced from a 7.4-Mev proton 
bombardment of a column separated sample of Ho,O; and 
also of a high purity Hilger material. This activity decays with 
the emission of holmium Kg x-rays, gamma-rays, and conver- 
The aluminum absorption end points approxi- 
and also 1.1 Mev 
bombardment of 


sion electrons. 
mated electron energies of about 0.22 Mev 
in smaller amounts. A 10-Mev deuteron 
holmium also indicated the production of the above activity. 
Under such deuteron bombardment other activities, e.g., the 
27-hour Ho, are produced in such excessive amounts that 
the 9.9-hour x-ray emitter was much obscured and was ob- 
served only after a careful analysis of a series of absorption 
measurements. This activity is, therefore, assigned to Er'®, 


1F. D. S. Butement a »c. Phys. Soc. (London) 63A, 775 (1950). 


2G. Wilkinson and H. G. Hic ics, UCRL-677 


JA11. Gamma-Radiation from Platinum.* J. M. Cork, 
J. M. LeBuanc, F. B. Stumpr, AND W. H. NESTER, University 
of Michigan.—The many electron lines arising from the in- 
ternal conversion of the gamma-radiation emitted by platinum 
irradiated in the pile may be divided into three significant 
groups. Certain of the lines decay with the well-known half- 
life of 17.4 hr ascribed to Pt 197, having work functions char- 
acteristic of gold and indicate the same two gamma-rays of 
energy 77.6 and 191.4 kev found in the K capture decay of 
Hg 197. Another group with K-L-—M differences characteristic 
of mercury arise from the formation of Au 199, which decays 
with a half-life of 3.4 days with beta-emission followed by three 
gamma-rays of energy 49.6, 158.8, and 208.3 kev. A third re- 
maining group of electron lines with half-life about 4 days, 
appear to have work functions characteristic of platinum. It 
is, therefore, believed that the gamma-rays indicated, arise 
from isomeric transitions in platinum. Their energies are 98.3 
and 129.6 kev, agreeing with the gamma-energies found for a 
long lived 180-day gold activity. It would thus appear that 
there is probably no 4.4-day activity in Pt 193 decaying by K 
capture to Ir 193. The K/L intensity relationships and the 
multipolarity of the transitions are given for several of the 
gamma-rays. 

* This project received the joint support of the AEC and ONR. 


JA12. Angular Correlation of Gamma-Rays in Pt'%.* 
CuarLes E, Wait .e AND Paitip S. JastRAM, Washington 
University.—The angular correlation function has been de- 
termined for the cascaded gamma-rays resulting from transi- 
tions between the first two excited states of Pt'*. The corre- 
lation functions, together with the assumption that the ground 
state of Pt! (even-even) has zero spin, indicate that one 
transition is dipole and the other is quadripole and yield for 
the spins of the first three states of Pt the choce of values 
0-1-2 or 0-2-2. An attempt to correlate this information with 
the beta-decay of Ir is in progress. 

* Supported by the joint program of the ONR and AEC. 
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JA13. Radiations of T1**.* L. Liporsky, P. MACKLIN, AND 
C. S. Wu, Columbia University.—The radiations of Tl? have 
been investigated in this laboratory. In addition to the pre- 
viously reported beta-emission, Hg x-rays resulting from decay 
by A-capture have been found. The beta-spectrum was studied 
using the magnetic solenoid spectrometer with vacuum evapo- 
rated sources. The spectral shape observed agreed with that of 
a simple spectrum whose shape corresponds to that of By; 
matrix element. The end point observed was 765+10 kev. 
The shape is in agreement with that predicted by shell struc- 
ture theory if a large pairing energy is assumed for high 
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of ~70-kev energy. The use of a critical absorption technique 
identified the radiation as x-rays of mercury. The number of 
x-rays per 6-particle was determined as ~2 to 3 percent. 


* This work was supported by the AEC. 


JAl4. A Determination of the Half-Life of Am*" for 
Negative Electron Emission.* THomas K. KEENAN, ROBERT 
A. PENNEMAN, AND B. B. McINTEER, Los Alamos Scientific 
Laboratory.—A precise value of the above half-life was de- 
termined yielding 16.01+0.02 hours. Ten samples were each 
followed over more than 7} half-lives. Mathematical treat- 





angular momentum nucleons. A search for possible gamma- ment of the counting data is described. 


rays with a Nal scintillation spectrometer revealed a radiation * Work done under auspices of the AEC. 


FripAY MORNING AT 9:30 
Shoreham, West Ballroom 


(J. A. Hrpe_e presiding) 


Symposium of the DCP on Mass-Spectroscopy 


K1. Effect of Mass on Dissociation-Probability and Study of Dissociation-Processes with Condi- 
tioned Isotopes. O. A. SCHAEFFER, Brookhaven National Laboratory. (30 min.) 

K2. Interpretation of Mass-Spectra in Terms of Molecular Structure. H. Eyrinc, A. L. WaAnrR- 
HAFTIG, AND H. M. Rosenstock, University of Utah. (30 min.) 

K3. Ion-Molecule Collisions as a Tool in Chemical Physics. M. H. INGHRAM, University of Chicago. 
(25 min.) 

K4. Flame Studies with a Rapid Sampling Mass Spectrometer. S. N. FoNER AnD R. L. Hupson, 
Johns Hopkins Applied Physics Laboratory. (20 min.) 

KS. Appearance-Potentials and Ionization-Probability Studies by Electron-Impact. R. E. Fox, 
W. M. Hickam, T. KGELDAAs, JR., AND D. J. Grove, Westinghouse. (25 min.) 

K6. A Detailed Study of Appearance-Potential Curves. S. N. Foner, F. T. McCiure, A. Kos- 
FIAKOFF, AND D. P. Easter, J. H. A. P. Laboratory. (20 min.) 


FRIDAY MORNING AT 9:30 
Shoreham, Main Ballroom 


(A. V. AsTIN presiding) 


Radio-Carbon Dating and Neutrons in the Atmosphere 


KAI. Natural Radio Carbon and Radio-Carbon Dating. W. F. Lippy, University of Chicago. 
(45 min.) 

KA2. Survey of Neutron-Density and Neutron-Production in the Atmosphere. R. LADENBURG, 
Princeton University. (35 min.) 

KA3. Further Experiments on Cosmic-Ray Neutrons. S. A. Korrr, New York University. (35 
min.) 

KA4. Latitude and Time Variations of Cosmic-Ray Neutrons. J. A. Simpson, University of 
Chicago. (35 min.) 


FRIDAY MORNING AT 9:30 
Wardman Park, Continental Room 


(C. C. LAuRITSEN presiding) 


Reactions of Transmutation, I 


method of identification of the reaction p+d—>x*++ consists 
of studying the angular and energy correlations of pion- 
triton coincidences. A CD,—C difference counting rate was 


LI. Identification of the Reaction p+d—-2++t. RicHarRD 
Mabey, KENNETH C. BANDTEL, WILSON J. FRANK, AND 
Burton J. Moyer, University of California, Berkeley.—The 
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obtained at one pair of correlated angles. The difference in the 
counting rates from CD, and C targets disappeared when the 
pion telescope was moved backward and forward of the pre- 
dicted correlated angle by an amount equal to the angular 
resolution of the pion detector. Background interference was 
suppressed by means of time-of-flight requirements. For 
example, the difference in time of flight of elastically scattered 
protons and tritons from the target to the triton telescope is 
about two to three times the resolution time (5X10-* sec) 
of the quadruple coincidence circuit used. The dead time of the 
scintillation counting equipment is designed to be of the order 
of 5X10-* sec also. The spacing between successive radio- 
frequency proton beam pulses at full energy (340 Mev) is 
about 6X10-® sec. The results of the most recent work will 
be presented. 


L2. Cross Section of the D(7, n)He‘ Reaction for 80- to 
1200-kev Tritons.* H. V. Arco, R. K. Aparr, H. M. AGNEw, 
A. HEMMENDINGER, W. T. LELAND AND R. F. TASCHEK, 
Los Alamos Scientific Laboratory.—A triton beam from the 
Los Alamos 2.5-Mev electrostatic accelerator entered a 1-cm 
long deuterium gas target through an aluminum window of 
thickness 1.5 mg/cm*. The angular distributions of neutrons 
from the reaction D+T=Het+n+17.6 Mev were observed 
with a BF; long counter for Ey = 377, 574, 983, and 1206 kev, 
and zero degree measurements were made at energies down to 
80 kev. The stopping power of the target window was de- 
termined by the location of the peak! in the reaction cross 
section. The maximum correction in he reaction cross section 
caused by scattering and energy straggling in the target 
window was 75 percent. The long counter absolute sensitivity 
was measured for 14-Mev neutrons by simultaneous counting 
of alpha-particles and neutrons from the reaction T(d, n)He* 
using a Cockcroft-Walton accelerator. The cross sections are 
1.76, 4.93, 1.50, and 0.30 barns (all +10 percent) at triton 
energies of 80, 165, 400, and 1200 kev, respectively. The 
resonance curve has been fitted by the Breit-Wigner nuclear 
resonance theory. 


* : This work was done under the auspices of the AEC. 
. W. Bonner (private communication). 


L3. Disintegration of Helium by 90-Mev Neutrons. P. 
TANNENWALD, University of California, Berkeley —The cloud- 
chamber experiment described in a previous abstract' has been 
completed. A weighting factor was computed for each one- 
and two-prong star analyzed, which corrects for events which 
were too slanted to be measured. Since the number of He*’s 
was uncertain because they could not be distinguished from 
He*’s when the track did not end in the chamber, the ratio of 
He*/pt events was assumed to be the same as the ratio of 
Gnn/Onp at 90 Mev. The total number of events, for neutrons 
above 20 Mev, was normalized to the interpolated n-He‘ 
total cross section of 1.910-*5 cm?.2 The results are Gelastic 
=110+23 mb, op¢=3545 mb, og:=12.242.2 mb, opa=11.9 
+2.5 mb, o¢@=6.741.4 mb, opp=0.540.25 mb, one? =13.7 
mb. The ratio of oineiastic/Ftotat is 0.42+0.04. The angular dis- 
tribution of scattered neutrons in the elastic collisions fits a 
Gaussian centered on the forward direction for incident neu- 
trons with energies greater than 40 Mev and is roughly iso- 
tropic for neutrons below 40 Mev. Energy dependences and 
energy and angular distributions of the various disintegration 
products will be presented. 


1 P. Tannenwald, Bull. Am. Phys. Soc. 27, No. 1, 54 (1952). 
? Cook, McMillan, Peterson, and Sewell, Phys. Rev. 75, 7 (1949). 


L4. Excited States of the Lithium Isotopes.* W. FRANZEN 
AND J. G. LikELy, Princeton University.—The energy distri- 
bution of particles emitted on proton bombardment of a thin 
lithium foil has been examined by means of a scintillation 
counter particle spectrometer. This spectrometer employs 
Nal crystals permanently mounted in a sealed dry housing on 
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a photomultiplier tube. The energy response of the crystals 
was studied by bombarding them with protons of various 
energies. Particle spectra were thus recorded at 30°, 60°, 90°, 
120°, and 150° in the laboratory system. Identification of 
particles was accomplished by observing the dependence of 
their energy on the angle of observation, and by measuring the 
slope of their range-energy curve at a known energy by means 
of thin aluminum foils. At a bombarding energy of 18.3 Mev 
and with an energy resolution of 3 percent, inelastic scattering 
of protons from levels in Li’ at 4.5 and 6.5 Mev was observed. 
The level at 6.5 Mev appears to have a considerable natural 
width. A level in Li* at 2.1 Mev gives rise both to an inelastic 
group of protons and to a group of deuterons from the reac- 
tion Li’(p, d)Li®. In addition, deuteron groups corresponding 
to transitions to the ground state and a 3.6-Mev excited state 
of Li® were observed. The deuteron group which leaves Li® in 
the ground state is evident at all forward angles up to 90° 
in the laboratory system. 


* This work was supported by the AEC. 


LS. Disintegration of Li* by Fast Neutrons.* F. L. Rise, 
Los Alamos Scientific Laboratory —The cross section of the 
Li®(n, a)H? reaction has been determined at neutron energies 
of 2.49 and 14.2 Mev. Targets of Li®F (2.49-Mev case) and 
Li® metal (14.2-Mev case) were bombarded inside a propor- 
tional counter filled with krypton sufficient to stop the tritons 
and alpha-particles whose energy spectrum was determined by 
means cf a multichannel pulsd- height analyzer. This energy 
spectrum served both to identify the reaction products and to 
determine the cross section. The values obtained for the cross 
section at 2.49 and 14.2 Mev were 188 and 26 millibarns, re- 
spectively, with an error of +14 percent. Earlier measure- 
ments by Blair et al.’ indicated a steady decrease with energy 
of this cross section from the resonance at 0.27 Mev to about 
0.8 Mev. The present values are consistent with a continued 
monotonic decrease of o(EZ,) with neutron energy to 14.2 Mev. 
At 14.2 Mev, in addition to the (m, a) reaction products, a 
large group was observed from the competing (n, d) and (n, p) 
processes, of which ~140 millibarns can be attributed to the 
ground-state reaction Li®(n, d)He®. 


* Work performed under the auspices of th EC. 
1 See Robert K. Adair, Revs. Modern Pave. Pr 249 (1950). 


L6. Energy of Be’ and B'.* Fay AjzENBERG, University 
of Wisconsin.—Recent results on the angular distribution of 
the neutrons from the 3.5-Mev deuteron bombardment of thin 
targets of Li® oxide and of metallic beryllium will be discussed. 
The neutrons were detected by means of nuclear emulsions, 
100 and 200 microns thick, placed at 10 cm from the targets 
and at angles ranging from 0° to 80° to the incident beam. 
4600 proton recoil tracks measured at seven angles indicate, 
by application of Butler’s theory,’ that the ground state and 
the first excited state of Be’ are of odd parity. No level corre- 
sponding to the 4.62-Mev? level in the mirror nucleus Li’ has 
been observed. However, the continuum from the three- 
particle breakup of Be* would obscure any neutron group of 
low intensity. 1400 tracks from the Be®(d, »)B" reaction have 
been measured so far at four of six angles. These preliminary 
results indicate that the first four states of B'® are of even 
parity. 


* Work supported in part by the AEC and in part by the Wisconsin 
Alumni Research Foundation. 

1S. T. Butler, Proc. Roy. Soc. (London) A208, 559 (1951). 
2 Gelinas, Class, and Hanna, Phys. Rev. 83, 1260 (1951). 


L7. Angular Distributions of (d, p) Reactions.* CLAYTON 


F. Brack, M.I.T.—Theories by Butler,’ and by Tobocman 
and Friedman? give the angular distribution of protons from 
(d, p) reactions. Since the distribution is unique for a given 
orbital angular momentum of the captured neutron, the 
measurement of the distribution of a given energy group yields 
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TABLE I, 

Measured orbital 

Reaction Level angular momentum 
Py mT ground state In =0 
Be%(d, p) Bel 3.37 Mev ln =1 
ground state ln =1 
C1(d, p)C# 3.1 Mev ln =0 
3.9 Mev ln =2 





information about the position of single particle levels in the 
resultant Measurements on carbon and beryllium 
have been made with 14.5-Mev deuterons from the M.I.T. 
cyclotron. A 5° to 10° shift to larger angles of the experimental 
curves from the theory can be accounted for from the effect 
of the Coulomb field. The results are summarized in Table I. 


supported in part by the joint program of the ONR 


nucleus. 


* This work has been 


and AE( 
1S, Butler, Proc. Roy. Soc. (London) A208, 559 (1951). 
2 Tobocman and Friedman (private communication). 


L8. Angular Correlation in the Be°(d, p)Be'*(y)Be” Re- 
action. L. Conen, S. M. Suarrotnu, C. M. Crass, Anp S. S. 
Hanna, Johns Hopkins Univeristy.*—Radiation from the 
3.36-Mev state in Be!® was observed in coincidence with the 
short-range protons in the Be%(d, p)Be!*(y)Be'® reaction. 
Deuterons of 0.84 and of 0.91 Mev were used to initiate the 
reaction in thin beryllium targets. Detection was by means of 
Nal (TIL) crystals and photomultiplier tubes. For the charged 
particle detection a thin crystal was mounted in the vacuum of 
the target chamber. Energy resolution was used in connection 
with both counters in order to restrict the counting rates 
chiefly to the radiations under observation. With the proton 
counter fixed at 90° to the beam, the coincident yield was de- 
tected as a function of the angle of the gamma-counter at 15° 
intervals. Separate runs were made in which the angle sub- 
tended by the gamma-counter was 15°, 23°, and 30°. The ob- 
served correlation function, which shows a definite departure 
from isotropy, includes terms in cos?@ (negative) and cos‘@ 
(positive). The form of the correlation was rather insensitive 
to the change in the angle subtended by the gamma-counter, 
indicating that higher order terms were not important. This 
result is consistent with the assignment of a spin of 2 to the 
excited state in Be! in agreement with a majority of the 
assignments in other even-even nuclei. 


* Assisted by a contract with the AEC. 


L9. Ionization Measurement of B'(n, a)Li’. J. RHoprEs* 
AND W. E. SreruHens, University of Pennsylvania.t—A thin 
layer of boron on the wall of an argon-filled cylindrical ioniza- 
tion chamber exposed to slow neutrons has been used to study 
the ionization produced by the recoiling particles of the trans- 
mutation B'°(m, a)Li?. Polonium alpha-particles were used for 
calibration and the ionization electron pulses were amplified 
and photographed on an oscilloscope screen. Calculated peak 
shapes taking into account wall effect and layer thickness were 
fitted to the experimental number pulse-height curves and the 
ionization values deduced. Peaks resulting from lithium nuclei 
formed in the ground state as well as the excited state and the 
corresponding alpha-particles were resolved. The ratio of 
ionization produced by the He‘ and Li’* recoils was observed 
to be 1.878+0.014 compared to the energy ratio 1.7529 de- 
termined from conservation of momentum. This difference can 
be accounted for with the assumption that the average energy 
per ion pair varies with velocity in a manner similar to that 
described by Hanna.! The average energy per ion pair relative 
to polonium alpha-particles was found to be 1.02+0.01 for the 
alpha-particles and 1.09+0.01 for the Li recoils. 






* May Amanda Wood Research Fellow. 
] eer in part by the joint program of the ONR and AEC. 
. Hanna, Phys. Rev. 80, 530 (1950). 
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L10. B” and O'* Reaction Energies.* D. S. Craic,t¢ D. J. 
DONAHUE, AND K. W. Jones, University of Wisconsin.— 
Q values of the reactions resulting from the proton bombard- 
ment of B' and deuteron bombardment of O have been 
measured electrostatically as described by Williamson et al. 
Estimates have been made of the differential cross sections of 
these reactions at a laboratory angle of 135°. The rms error 
quoted is the square root of the sum of the square of all errors, 
both statistical and systematic, entering into the measure- 
ments. The O'€(d, a)N" Q value, which is crucial in the com- 
putttion of nuclear masses from reaction energy data, agrees 
well with the two previous measurements of this value. The 
energy of the first excited state in B'°, obtained by the in- 
elastic scattering of protons, indicates that the value obtained 
from gamma-ray energy measurements should not be cor- 
rected for a Doppler effect. 














TaBLe I, 

de Bom- 
== X10% , 

: dw barding 

Error cm?/stera- energy 
Reaction Q(Mev) rms Limit dian Mev 
O18(d, Het) N 3.113 0.0035 0.0055 0.9 0.893 
Bp, He4) Be® —0.536 0.003 0.004 0.1 3.421 
B'%p, Het) Be? 1.147 0.0025 0.0044 2 3.333 
B!%(p, He) Be™* 0.717 0.0026 0.0043 1 3.333 
B!%(p, p’) Bio* —0.719 0.0016 0.003 0.3 2.191 








* Work supported in part by the AEC. 
t Now with Atomic Energy of Canada, Ltd., 


Chalk River, Ontario. 

L11. The B"(p, n)C" Angular Distribution. H. B. WiLLarp, 
J. K. Barr, ano J. D. Krncton, Oak Ridge National Labora- 
tory.—The angular distribution of neutrons from the reaction 
B"(p, n)C" has been studied from threshold (3.015 Mev!) to 
5 Mev. A thin (50 kev at 3 Mev) target of natural boron was 
bombarded with the analyzed beam of protons from the 5.5- 
Mev Van de Graaff, and the neutrons were detected with a 
long counter located at one meter. The resonances previously 
reported? at 3.17, 3.75, and 4.67 Mev were observed at all 
angles, and in addition, the level at 4.14 Mev was resolved 
into two narrower ones. The absolute value of the cross section 
was obtained by calibration of the long counter with a standard 
source. The value found at the peak of the 3.75-Mev resonance 
is 5.44+0.50 mb per steradian. The center-of-mass distribu- 
tions have been fitted with a series expansion of cosg. The 
total cross section was obtained by integration. An attempt 
will be made to deduce the spins of the levels excited in the 
compound nucleus. 

1 Richards, Smith, and Browne, Phys. Rev. 80, 524 (1950). 


2H. B. Willard and J. K. Bair, Bull. Am. Phys. Soc. 27, No. 1, ZB7 
(1952). 


L12. (n, 2n) Reactions in C'*, Cu%, and Mo*%.* J. E. 
BROLLEY, JR., J. Fow.er,f AND L. K. Scuracks, Los 
Alamos Scientific Laboratory.—We have employed the D+T 
reaction to produce neutrons with energies up to 27 Mev. 
The deuterons were accelerated in the cyclotron to 11 Mev and 
focused in a gaseous tritium target. The elements measured 
were irradiated in the form of thin foils whose angular position 
with reference to the incident deuteron beam determines the 
neutron energy. The copper and molybdenum foils were en- 
cased in thin cadmium jackets. The (m, 2”) reactions were de- 
tected by positron activity. Small K-capture corrections in 
copper and molybdenum, but not in carbon, were made. 
For carbon we have measured the (n, 2m) cross section at a 
few points near the threshold and at 27 Mev where it is about 
1010-27 cm?. The case of copper is especially interesting since 
it may be compared with the theory of Weisskopf and col- 
laborators. An excellent fit to the data is obtained up to 16 
Mev where the theory begins to give higher values than the 
experiment. Proton competition was ignored in the theoretical 
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calculation and may contribute to this discrepancy. The 
molybdenum cross section will also be compared with the 
theory. 


* Work done under the auspices of the AEC. 
t Now at ORNL, Oak Ridge, Tennessee. 


L13. Products of Carbon Disintegration by 330-Mev Pro- 
tons.* WALTER H. BarKAs AND J. KENT BOWKER, University 
of California, Berkeley.—The spallation fragments of Hp ~4.5 
X10* gauss-cm leaving a one-mil polystyrene target in the 
forward direction are brought to a 180° focus in the magnetic 
field of the 184-inch cyclotron. The spalls enter the surface of 
Ilford D, nuclear track emulsion making a small angle with 
the surface. The position, track-angle, range, and estimate 
charge are recorded for each track. The calculated radius of 
curvature plotted against the range provides a nuclide spec- 
trum of the tracks, since each nuclide falls on a definite locus 
in such a diagram. Resolution of H'!, H?, H*, He®, and Het 
splinters is unambiguous. A group probably comprising Li* and 
Be’ and another group probably of He® and Li’ are also found, 
but for lack of good range-energy curves for highly charged 
particles the resolution is at present uncertain. No Li’, B8, 
H*? or He“? tracks were found. The abundances of the frag- 
ments are as follows: H', 25.0 percent; H?, 7.4 percent ; H*, 4.6 
percent ; He’, 7.0 percent ; He‘, 41.5 percent; (Li®, Be’ group), 
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3.3 percent; (He*, Li? group) 4.9 percent; other groups plus 
background, 6.2 percent. Further measurements in other mo- 
mentum intervals and with other targets are in progress. 


* This work was supported by the AEC. 


L14. Levels of N" Observed from C"(d, n)N™.* R. E. 
BENENSON, University of Wisconsin.—An approximately 30- 
kev thick carbon target enriched to 61 percent C™ was bom- 
barded by 3.9-Mev deuterons. The resulting groups of neu- 
trons corresponding to levels in N“ and N™ were detected by 
means of Eastman NTA emulsions placed at seven angles 
ranging from 0° to 80° with respect to the incident beam. A 
total of 2000 tracks have been measured so far at three angles 
and work continues. Levels up to 8.1-Mev excitation energy 
were observed in N", including some previously unreported 
levels above 5.7-Mev excitation energy. An attempt will be 
made to assign parities and possible spin values to some of the 
low-lying levels of N“ according to the analysis of S. T. Butlert 
of the stripping process. The parity of the ground state of N™ 
is of particular interest in connection with the forbiddenness 
of the beta-decay of C™, and it is hoped that with better 
statistics this parity value may be determined. 

* Work supported in part by the AEC and the Wisconsin Alumni Re- 


search Foundation. 
1S. T. Butler, Proc. Roy. Soc. (London) A208, 559 (1951). 


FRIDAY MORNING AT 9:30 


Wardman Park, Burgundy Room 


(V. F. WEIsskKoPrF presiding) 


High Energy Nuclear Processes (Theoretical) 


M1. Interactions of 150-Mev Protons with the Nucleus 
A=100.* S. J. LinpENBAUM, Brookhaven National Laboratory, 
AND G. BERNARDINI, Columbia University.—It was previously 
reported! that the inelastic interactions of 300-400-Mev neu- 
trons and protons with emulsion nuclei were in agreement with 
Goldberger model predictions. At lower incident energies the 
model may be expected to be less reliable since the DeBroglie 
wavelengths and range of scattering force of the moving nu- 
cleons increase. Also more of the cascade collisions occur at 
energies only a few times the nuclear potential and hence bind- 
ing and other nuclear structure effects might interfere. To test 
the model for 150-Mev protons the previously reported Monte 
Carlo cascade techniques were utilized to evaluate 200 inter- 
actions with the nucleus A = 100. The calculations were refined 
in several respects, notably the step-by-step distinction of 
neutrons and protons throughout the cascade. The results will 
be compared to the calculations for 400-Mev protons and to 
preliminary experimental data for the interaction of 150-Mev 
protons with G-5 emulsion (mainly Ag—Br nuclei of average 
A= 100). Mr. Leon Landovitz and Mr. Jack Leitner performed 
the Monte Carlo computations. 

* Jointly sponsored by AEC and ONR. 

t+ Now at the University of Illinois. 


1 Bernardini, Booth, and Lindenbaum, 
and Phys. Rev. (to be published). 


Phys. Rev. 83, 669 (1951); 


M2. High Energy Nuclear Photoeffect.* IsrarL RErr, 
Indiana University.—Research has been done on the absorp- 
tion by nuclei of photons of 200 Mev energy and higher results 
in the formation of stars.' The total cross section for this proc- 
ess has been calculated by second-order perturbation proce- 
dure, treating the interactions phenomenologically. The 
process is assumed to consist of two steps: (1) absorption of 
photon by nucleus with production of a meson by interaction 


of photon with a single nucleon ; (2) subsequent reabsorption of 
meson by the same nucleus. In this reabsorption, the meson 
interacts with two nucleons which recoil leading to subsequent 
excitation of the nucleus. The calculation will be compared 
with the experimental results. 


* Associated by the joint program of ONR and AEC. 
1R. D. Miller, thesis, University of California. 


M3. Meson Exchange Contributions to the High Energy 
Deuteron Photoeffect. R. H. HUDDLESTONE AND J. V. LEPoRE, 
University of California, Berkeley —Recent measurements at 
Berkeley! and elsewhere? on the photodisintegration of the 
deuteron between 140 and 290 Mev yield a cross section which 
appears to be an order of magnitude larger than that expected 
on the basis of the usual photoelectric dipole and quadrupole 
contributions. The size of the cross section suggests that meson 
exchange phenomena may play an important role at these 
energies. An attempt has been made to estimate these effects 
on the basis of the pseudoscalar meson theory with gradient 
coupling. It is important to note that not all exchange effects 
in this theory can be interpreted as due to exchange currents. 
Furthermore, the energy and angular dependences do not 
correspond to electric dipole disintegration alone so that it is 
not possible to treat these processes by the use of Siegert’s 
theorem. The meson exchange diagrams are treated nonrela- 
tivistically in the initial nucleon momenta by using a deuteron 
wave function in the initial state. The results for a value of 
f*/4r~.1 are in approximate agreement with the mildly rising 
energy dependence of the observed total cross section and the 
differential cross section is not inconsistent with experiment. 

1W. S. Gilbert and J. W. Rose, Bull. Am. Phys. Soc. 26, No. 8, 18 (1951) 


?T. S. Benedict and W. M. Woodward, Bull. Am. Phys. Soc. 27, No. 1, 
54 (1952). 
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M4. The “Nucleon Isobar” as an Intermediate State. 
N. AusterRN,* Cornell University.—Some preliminary attempts 
have been made to extend the isobar model of the interaction 
of a x-meson with a nucleon! to high energy processes involving 
two nucleons, following recent suggestions of Bethe and Wil- 
son.? Such processes are assumed to proceed by two steps, with 
the first step being in each case the excitation of one nucleon 
to its isobar state. Collisions of the ‘‘second kind” are en- 
visaged, in which the excited nucleon collides with its neighbor 
in such a way that the energy of excitation becomes energy of 
relative motion of the nucleons. The cross section for deuteron 
photodisintegration has been computed according to this 
model, using as input data the #*++H? capture cross section, 
the +P scattering cross sections, and the y+P-—7°® cross 
section. The angular distribution in photodisintegration has 
the form (1+(4) sin’@), and the cross section has a magnitude 
which is in rough agreement with the recent high energy 
measurements.® 

* AEC Postdoctoral Fellow. 

1 Brueckner and Case, Phys. Rev. 83, 1141 (1951). Brueckner, Bull. Am 
Phys. Soc. 27, No. 1 (1952). 

2 Private communications. R. R. Wilson, Phys. Rev. 86, No. 1 (1952). 


3 Gilbert and Rose, Phys. Rev. 85, 766(A) (1952). Benedict and Wood- 
ward, Bull. Am. Phys. Soc. 27, No. 1 (1952). 


MS. Concerning a Tentative Hypothesis of Proton Isomers. 
G. Breit, Yale University.*—It has been suggested! that high 
energy pP—p scattering would be easier to explain if protons 
had isomers. The explanation mentioned the possibility of *S 
scattering without detail. The upper limit for the total cross 
section in terms of X? does not depend on whether one has a 
one or two channel reaction and the possibility of having *S 
scattering helps only because it enables states with higher L 
to give S states. *P, states give *S, states if the isomer is as- 
sumed to have spin 4 and odd parity. The statistical weight 
of *P; being three times that of 'So there results the statistical 
factor 4. A more quantitative consideration indicates the 
likelihood of an appreciable effect of *P, scattering which 
results if one attempts to account for a large *S; amplitude. 
There should be, besides, transitions from *F; to *D2, *H, to 
4G,, and their intensity is hard to predict. Complete spherical 
symmetry is, therefore, not expected even on the isomer 
hypothesis. Isomers of even parity and spin $ do not give 4S 
waves. Spherical symmetry can result in these cases only as a 
cancellation effect. 

* Assisted by the joint program of the ONR and the AE 


1G. Breit, Phys. Rev. 84, 1053 (1951); G. Breit and H. M. _ Phys. 
Rev. 84, 1054 (1951) 


M6. Interpretation of High Energy p—p Scattering. Don 
R. Swanson, University of California, Berkeley.—High energy 
p—p scattering has been interpreted by several authors in 
terms of highly singular noncentral interactions. The triplet 
state calculations were carried out in the Born approximation 
and, together with the singlet, yielded an almost isotropic 
(c.m. system) differential cross section. Agreement with ex- 
periment was good at large angles but the theoretical peak in 
the forward direction, due mostly to singlet D scattering, 
was too large. It is not clear, however, that the Born approxi- 
mation should be valid for singular potentials. In the present 
analysis, the wave equation has been integrated numerically 
to obtain an exact solution at 350 Mev using the tensor inter- 
action of Christian and Noyes. A “square well’’ cutoff at the 
nucleon Compton wavelength was used. In the case of the 
“repulsive”’ interaction, the triplet cross section agrees closely 
with the Born approximation for scattering angles greater than 
25° but is larger at small angles. This remarkable agreement is 
apparently accidental since the *P» and *P, phase shifts are 
incorrect by orders of 50 percent in the Born approximation. 
The “attractive” triplet cross section is about 30 percent 


larger at 30° than at 90°, and is therefore inconsistent with the 
experimental data even at large angles. The influence of the 


cutoff is under further study. The exact phase shifts here ob- 
tained will be used to calculate polarization effects in a double 
p—p scattering. 


M7. Polarization Effects in P—P Scattering at High 
Energies.* L. J. B. GOLDFARB AND D. FELDMAN, University 
of Rochester —The inclusion of a spin-orbit coupling in the 
interaction between two protons implies that, ina p— pscatter- 
ing experiment, the outgoing particles are polarized. This 
polarization can be detected by performing a second scatter- 
ing, since the resultant intensity will then exhibit an azimuthal 
asymmetry, i.e., I(8, ¢) = Jo(8)[1+6(8) cos¢]. Calculations 
of these effects for various potentials! by means of the Born 
approximation lead to a vanishing polarization.? More exact 
calculations show that at 240 Mev the predicted unpolarized 
cross sections are strongly modified, largely because of the 
singular nature of the potentials which must be cut off if a 
solution is to exist. For the tensor force, phase shifts corre- 
sponding to J=0, 1 were calculated exactly, others corre- 
sponding to J< 5 by Schwinger’s variational treatment, while 
the rest were taken into account in Born approximation. One 
finds dmax~0.01. The L-S potential, on the other hand, leads 
to asymmetries dmax~0.15—0.25, although there is very poor 
agreement of the unpolarized cross section with experiment. 

* Supported by the AEC. 

1R.S. Christian and H. P. Noyes, Phys. Rev. 79, 85 (1950); K. M. Case 


and A. Pais, Phys. Rev. 80, 203 (1950). 
*L. Wolfenstein, Phys. Rev. 82, 308 (1951). 


M8. Some Remarks Related to the Theory of the Pick-Up 
Process. GEORGE J. YEvICK,* University of Maryland.— 
Consider a particle, e.g., a proton, in a bound state determined 
by a fixed potential U(r,) at t=— ©. Now assume a free 
neutron incident on the bound proton which can interact with 
the proton via the potential V(r,—r,). As t> @, an inelastic 
scattering that can take place in that the neutron and proton 
travel off together in a bound state of V(ra—rp). We have 
obtained the time-independent scattering equation for this 
process employing the methods of Lippmann and Schwinger.' 
It turns out to be necessary to use the unitary transformation 
operator exp[(—i/h)(K+V)t], where K is the kinetic energy 
operator for the neutron and proton, and also to expand the 
initial state into the eigenfunctions of K+V. The S-matrix 
expression is straightforward to obtain but the rate of transi- 
tion is somewhat ambiguous because of time oscillating factors. 
This ambiguity is understood using Dirac’s method of varia- 
tion of constants for a first order perturbation calculation. We 
shall compare our considerations with an elegant Green’s 
function solution obtained by S. T. Epstein.? 

* On leave of absence from Stevens Institute of Technology. 


1B. A. Lippmann and J. Schwinger, Phys. Rev. 79, 469 (1950). 
2 Private communication. 


M9. Wave-Mechanical Description of the Deuteron 
Stripping Process. F. L. FrigEpMAN AND W. TOBOCMAN, 
M.I.T.—A_ wave-mechanical description of the deuteron 
stripping reaction (d—/p) in the binding energy range has been 
worked out neglecting the Coulomb field. The physical model 
is essentially the same as that used by Butler.! The formula- 
tion is adapted to the use of boundary conditions on the nu- 
clear surface as in the single particle reaction theories. The 
results are interpretable in terms of single particle reaction 
parameters (e.g., neutron cross sections) and the deuteron 
wave function. Results include description of the capture of 
neutrons into low nuclear energy ststes and the scattering and 
capture by states available to free neutrons. Angular distribu- 
tions in the first case agree with those of Butler,’ and the 
absolute values of the cross sections are now given an explicit 
form. 


1S. T. Butler, Proc. Roy. Soc. (London) A109, 559 (1951). 
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M10. Nuclear Forces Yielded by the Symmetrical Pseudo- 
scalar Meson Theory with Pseudoscalar Coupling, Joseru 
V. Lepore, University of California, Berkeley.—lf one applies 
the transformation, e*5, 


Slo] = —(if/2u0) {de wbrsvsrabav, 


used by Dyson to the state vector in the interaction repre- 
sentation one finds that up to terms in (fu/2«)* the pseudo- 
scalar theory with pseudoscalar coupling is equivalent to a 
scalar pair coupling of a pseudoscalar field plus an ordinary 
pseudovector coupling of that field. These terms may be treated 
by the usual Feynman-Dyson techniques to yield the nuclear 
forces. The leading term in the Hamiltonian, (f?/2«o)~¥oa?, 
yields the main contribution to the radiative corrections to 
nuclear forces and, indeed, the main contribution to the forces 
themselves, provided f is not small. This force is the highly 
singular attractive spin independent, charge independent 
(f?/4 9)*(3 4/4 wer?) Ki [2ur]. Of the remaining terms in the 
Hamiltonian, in the form of a power series in (fu/2«o), the 
leading term proportional to (fu/2«o) yields the conventional 
pseudoscalar potential. In the strong coupling limit the scalar 
coupling term in the Hamiltonian dominates since it is pro- 
portional to (f?/2«o) and the pseudoscalar theory becomes not 
unlike a scalar theory. 


M11. Low Energy Properties of Pseudoscalar Interaction 
with Hard Core. Ropert Jastrow, University of California, 
Berkeley.—The properties of the nucleon-nucleon interaction 
are being examined on the assuiaption of a nucleon structure 
of approximate radius (r)) 0.5X10~" cm. The effects of this 
structure are described by an infinite repulsion in the inter- 
action for r<ro, along the lines of an earlier calculation by the 
author. An attempt is made to restrict phenomenology to the 
interior region (r<ro) by taking the interaction for r>ro to 
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be determined by the symmetrical pseudoscalar theory with 
pseudoscalar coupling. This interaction is dominated by singu- 
lar (1/r*) central and tensor attractive potentials coming 
from fourth- and second-order contributions in the pseudo- 
scalar interaction.! Terms of higher order appear to be too 
short-ranged to make appreciable contributions for r>0.50 
X10-" cm. The results of preliminary low energy calculations 
with f?/4r=11.5 and core radii of 0.42 (triplet) and 0.46 
(singlet) are as follows: effective range=1.53 (triplet) and 
2.70 (singlet); deuteron binding energy = 2.23 Mev; quadru- 
pole moment = +0.60 X10?’ cm*; singlet scattering length 
= — 23.8. Lengths are in units of 10-" cm. 


1J. V. Lepore (this meeting). 


M12. Scattering by High Potential Barriers and by Poten- 
tials with Shell Structure.* J. Mayo GREENBERG, University 
of Maryland.—The method developed by Hart and Montroll! 
for the scattering of plane scalar waves by relatively shallow 
spherical potential wells is extended to the cases of very deep 
wells and very high barriers. The limiting total cross section 
of an impenetrable sphere is correctly found to be, for high 
incident energy, exactly twice the geometrical cross section. 
The spherical Bessel function prt of the wave functions 
is also applied to the scattering by a potential which consists of 
concentric wells or barriers; e.g., a Jastrow type potential. 
The series for the wave functions in the several regions ob- 
tained after applying the usual boundary conditions are 
summed by using asymptotic expressions for Bessel functions 
of large argument. It is hoped that the variational scheme? 
which was applied to the scattering by relatively shallow wells 
can also be applied to the scattering by shell structures. 

* Work supported bd the ONR. 


IR. Hart and E. W. Montroll, J. Appl. Phys. 22, 376 (1951). 
2 E. W. Montroll and J. M. Greenberg, Phys. Rev. (to be published) 


FRIDAY AFTERNOON AT 2:00 


Shoreham, 


Main Ballroom 


(J. H. HOLLoMon presiding) 


Metals 


N1. Electromagnetic Levitation of Solid and Molten Metals. 
E. C. Oxress, D. M. WrouGuton, G. Comenetz, P. H. 
BRACE, AND J.C. R. KELLY, Westinghouse Electric Corporation. 
—The subject is an unconventional method of heating and 
melting metals without a crucible. Operating conditions for 
certain cases are given. The results obtained by means of the 
new technique encourage the thought of melting, purifying, 
alloying, and agitation of inert and reactive metals without 
resort to crucibles, and thereby avoiding the contamination of 
reactive metals by crucible materials. Preliminary results with 
various forms and masses of metal are described. Considera- 
tions concerning the atmosphere in which levitation occurs are 
included. 


N2. The Magnetic Susceptibility of Cb, Ta, V, Mo, and W 
at High Temperatures.* C. J. KriessMAN, JR., U. S. Naval 
Ordnance Laboratory, and Catholic University.—A furnace has 
been developed to extend the measurement of magnetic 
susceptibility to higher temperatures than those previously 
attained. The susceptibilities of Cb and Ta have been meas- 
ured to about 1900°C. The susceptibility of Ta decreases from 
.849X10-* at 25°C to .685X10-* emu/g at 1870°C, while 
that of Cb decreases from 2,27 X 10 at 25°C to 1.71 10° at 


1850°C. The susceptibilities of Mo and W have been found to 
increase with increasing temperature up to 1400°C. However, 
the susceptibility of V has been found to decrease with 
increasing temperature up to 1400°C, contrary to previous 
high temperature data.' Work is now in progress to extend all 
the measurements to 1900°C. A qualitative discussion of the 
data with reference to the band theory of metals is given. 


* Supported in part by the ONR. 
1K. Honda, Ann. Physik 32, 1027 (1910) 


N3. Measurement of Magnetostriction in Single Crystals. 
R. M. BozortH ANpb R. W. HamMine, Bell Telephone Labora- 
tories.—A simplified procedure is given for determining the 
5 magnetostriction constants! of a single crystal of a ferro- 
magnetic cubic crystal. The crystal is cut as a disk parallel 
to a (110) plane, and strain gauges* are cemented to the sur- 
faces to measure strains in [001] and [111] directions. A 
magnetic field sufficient for saturation is oriented in 10° steps 
at various angles to the [001 ] direction, and magnetostriction 
is measured over a 90° range for each gauge. Each of the 18 
data is then multiplied by suitable numbers, obtained by 
inversion of the strain matrix, to give the constants h,---hs 
automatically adjusted to least square fit of the data. The 
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method is applied to a rapidly cooled crystal of a 78 pecent 
nickel-iron alloy to determine the magnetostriction associated 
with spontaneous magnetization in the [111] direction: 
Au = 2h2/3+2hs/9. This quantity is important in the “per- 
malloy problem” because the magnetostrictive strain resulting 
from the movement of a boundary_between two domains, 
magnetized parallel to [111] and [111], for example, depends 


on Aji: alone. In the crystal examined, Ayi1= 1.7 X 10~*. 


ker and W. 
Goldman, J 


Déring, Ferromagnetismus 275 (1939). 
phys. et radium 12, 471 (1951) 


1R. Be 
1J.E 


N4. Single Crystal Magnetostriction rg ag of an Iron- 
Cobalt Alloy.* H. M. A. Urquwart anp J. E. GoLpMAN, 
Carnegie Institute of Technology.—Mz Seitka tion constants 
were measured on a single crystal of 70 percent cobalt-iron 
the composition for which previous investigators! have 
observed the largest polycrystalline magnetostriction and 
which is, therefore, of particular theoretical interest. The 
measurements were made on a small ellipsoidal crystal (a=6 
= .0244 cm; c=0.343 cm; kindly loaned by Professor L. W. 
McKeehan) using the resistance strain gauge technique pre- 
viously described? in which a gauge is cemented in a given 
direction on the crystal and the strain measured as a function 
of the angle made by the crystal with the applied magnetic 
field. Using Becker's notation, one readily obtains the con- 
stants h; and jy». The other constants are negligible in this case. 
The values obtained are: 4; =13.2X1075; 42=10.5X107§47 
percent in good agreement with Nesbitt’s renuite corrected for 
the distribution in orientation of the crystallites. The small 
discrepancy between the respective results can be accounted 
for on the basis of composition differences, established quanti- 
tatively by the method of Koh’ using fluorescent x-radiation. 


alloy, 


rted by ONR and an Allegheny-Ludlum Research Fellowship. 

N sbitt, J. Appl. Phys. 21, 879 (1950); R. M. Bozorth, Ferromag. 

oldman, Phys. Rev. 72, 592 (1947); 80, 301, 663 (1950). 

Koh and B. Caugherty, J. Appl. Phys. (to be published). We are 
indebted to the All egheny Ludlum “pecan h Laboratories for this analysis. 


N5. The Hall Effect in Cobalt Above Magnetic Saturation. 
SIMON FONER AND EMERSON M. PuGH.*—Precision measure- 
ments of the Hall Effect in pure cobalt have been made with 
an improved measuring system up to fields of 30 kilogauss. The 
value obtained for the ordinary' Hall constant was —1.33 
X10- volt-cm/amp-gauss at 14°C, which yields 0.52 effec- 
tive conduction electrons/atom compared to 0.7 s electrons 
atom obtained from magnetization data. No significant change 
was observed with respect to orientation for columnar cobalt. 
As pointed out previously,? the variation in the Hall potential 
vs magnetic induction is composed of two terms for ferro- 
magnetics, one a function of the magnetization (dominant at 
low fields), the other a function of the magnetizing field (domi- 
bove saturation). The initial slope of the Hall potential 
curve for cobalt, as observed previously,’ is 
positive, which explains the positive Hall constant found in 
the literature. Experimental elimination of this magnetization 
term above saturation leads to an unambiguous sign and rea- 
sonable value of the ordinary Hall constant. 


nanta 
vs induction 


* Assisted by ONR. 

1 Pugh, Rostoker, and Schindler, Phys. Rev. 80, 688 (0950). 

2 M. Pugh, Phys. Rev. 36, 1503 (1930). 

3A. W. Smith, Phys. Rev. 30, 1 (1910); 
(1893); O. Zahn, Ann. Physik 14, 886 (1904). 


A. Kundt, Ann. Physik 49, 


N6. Ordinary Hall Effect in Co—Ni Alloys. Emerson M. 
PUGH AND SIMON FONER.*—Measurements at room tempera- 
tures of the Hall Effect in the Co— Ni series of alloys have been 
made. The ordinary Hall coefficient is negative (as in the 
Ni—Cu series) throughout the range. The values agree, within 
a factor of 2, with values predicted from the assumption that 
from 0.6 to 0.7 s electrons per atom contribute to the conduc- 
tion. This result is similar to that found by Schindler and 
Pugh in the ferromagnetic alloys of Cu—Ni. Except in the 
immediate region of pure Ni, the ordinary coefficient in these 
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ferromagnetic alloys is larger than predicted so that the dis- 
crepancy cannot be explained by assuming any d band con- 
duction. 

* Assisted by ONR. 


N7. Experiments on Electrical Conductivity. D. K. C. 
MacDona_p, National Research Council, Canada.—Measure- 
ments on electrical resistance of the alkali metals have been 
made in a suitably modified Collins liquefier over complete 
temperature range from 300°K to 4°K. Rubidium! shows a 
particularly striking “transition” around 190°K, potassium 
and caesium also being anomalous in the upper temperature 
range while lithium and sodium are quite regular throughout. 
It is believed that some change in electronic structure is in- 
volved, perhaps similar to that proposed by Fermi and Stern- 
heimer? to account for the volume transition in Cs under high 
pressure. Thermal expansion, thermoelectric power and 
magneto-resistance are also being measured. Measurements 
through the melting-point and in the liquid state also yield 
results of interest, particularly in relation to the change of 
characteristic temperature @ on melting. 


1D. K. C. 


MacDonald, Phil. Mag. et be published). 
2 E. Sternheimer, 950). 


Phys. Rev. 78, 235 ( 


N8. Electrical Resistance of Tantalum. H. Preston- 
Tuomas, National Research Council, Canada.—The electrical 
resistance of tantalum has been measured between room 
temperature and the superconductive transition point. The 
value of the Debye @ deduced from the slope of the resistance 
temperature curve is 210°K over a large part of this range 
(cf. 245° from specific heat measurements) while the unusually 
low value of the residual resistance (R/R»=.008) indicates a 
high degree of physical and chemical purity ; this was obtained 
by prolonged heating and prevention of subsequent distortion 
during measurement. A method of winding coreless coils of 
5-cm length and internal diameter .03 cm allows ballistic and 
resistive measurements to be made on a single specimen in the 
superconducting region. These will be correlated with pre- 
vious measurements on this metal! and with the concept of a 
“‘two-phase”’ model for the hard superconductors.? 


1R. T. Webber, Phys. Rev. 72, 1241 (1947). 
2L. C. Jackson and H. Preston-Thomas, Phil. Mag. 41, 1284 (1950). 


N9. On 6-Values in Metals. F. M. Ketty anp D. K. C. 
MacDonaLp, National Research Council, Canada.—While the 
work of Born, Blackman, and others indicates that the fre- 
quency distribution of the crystal lattice vibrations assumed 
by Debye is an oversimplification, the convenience of Debye’s 
treatment has led to its wide application for the presentation 
of experimental data. The Debye @p’s in the literature are 
usually derived from C, as a function of temperature. Since 
C,=(0E/AT),, and the resistance R is approximately propor- 
tional to the energy E, @p should strictly be compared with a 
6z derived from the slope of the resistance temperature curve, 
although it is also possible to base the derivation of @z on 
resistance ratios. The above methods assume that @ is inde- 
pendent of temperature. Alternatively, a @z rather more ac- 
curately descriptive of the lattice behavior may be calculated 
by recognizing @ as a temperature-dependent parameter in the 
theoretical expressions, and it may be argued that a compari- 
son based on the total internal energy, i.e., the integrated 
specific heat is more realistic. Data for Li and K will be pre- 
sented. 


N10. Theory of Slip-Band Formation. JoHn C. FIsHER, 


Epwarp W. Hart, AND Rosert H. Pry.—The fine structure 
of slip bands at the surfaces of plastically deformed aluminum 
crystals, as described by Heidenreich and Shockley! and by 
Brown,? consists of slips of a thousand or so interatomic dis- 
tances occurring on parallel slip planes that are separated by 
several hundred interatomic distances. This slip band struc- 
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ture can be explained in terms of the model of dislocation-loop 
generation proposed by Frank and Read. First, there is a 
back-stress at an active Frank-Read source, produced by the 
expanding avalanche of dislocation loops radiating from it. 
Second, the back-stress from about 300 loops is shown to be 
sufficient to stop dynamic loop generation at the source. Slip, 
therefore, occurs in avalanches separated in time. Third, 
avalanches from other slip systems, crossing a slip plane con- 
taining an active source, lead to the observed stepped surface 
markings with successive avalanches from the given source 
arriving at the surface on different planes. This investigation 
was supported in part by the Flight Research Laboratory, 
Wright Air Development Center. 
1R. D. Heidenreich and W. Shockley, J. bt Phys. 18, 1029 (1947) 


2A. F. Brown, J. Inst. Metals 80, 115 (195 
*F. C. Frank and W. T. Read, Phys. Rev. 7. 24 (1950). 


N11. Strain Hardening of Metal Crystals. Epwarp W. 
Hart, Joun C. Fisner, Ropert H. Pry.—A simple mecha- 
nism is proposed to explain work hardening of metal crystals. 
Dislocation loops radiating from an active Frank-Read source 
bend about impenetrable impurity structures distributed in 
the slip plane, leaving trapped loops about the structures. 
The distributed trapped loop concentrations produce a back- 
stress throughout the plane, thereby raising the critical stress 
of all sources in the plane by that amount for continued plastic 
flow in the same direction. Conversely the critical stress is 
reduced for flow in the opposite sense, agreeing with the 
Bauschinger effect. The number of loops retained about each 
impurity structure depends on the spacing of the structures 
and the applied stress. When the external stress is removed, 
the loop concentrations expand, shedding the outermost loops 
and producing an elastic recovery. The plane is now initially 
somewhat softer for further slip, as is observed, since there are 
fewer trapped loops than before removal of the stress. The 
contraction and expansion of the loop concentrations under 
variations of the applied stresses appears further as a reduc- 
tion of the elastic modulus. This investigation was supported 
in part by the Flight Research Laboratory, Wright Air De- 
velopment Center. 


N12. Measurement of the Internal Energy in Copper 
Introduced by Cold Work. BENJAMIN WELBER, Lewis Labora- 
tory, NACA.—The ratio of the stored energy E to the me- 
chanical energy W expended in cold-working copper rods by 
twisting has been measured. E was determined by means of a 
refinement of the calorimetric technique employed by Quinney 
and Taylor! for similar measurements. The sample was placed 
in a vacuum chamber and its temperature raised steadily by 
means of a self-contained heater. A “guard ring’’ furnace was 
used inside the chamber to keep heat losses at a minimum. 
For each such run, the temperature was plotted against the 
heat supplied. Two runs were made for each cold-worked 
sample during the first of which the stored energy was re- 
leased; comparison of the two curves permitted a determina- 
tion of E. It was found that annealing was complete at 250°C. 
The results obtained for three values of W are shown. 


W (cal/g) E/W 
8.2 0.028 
94 0.030 
11.9 0.034 


1H. Quinney and G. I. Taylor, Proc. Roy. Soc. (London) A163, 157 


(1937). 


N13. Creep of Copper Under Deuteron Bombardment. 
WarREN F. Wir1zic,* Westinghouse Electric Company.—The 
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creep rate of copper under 16 Mev deuteron bombardment in 
the University of Pittsburgh cyclotron has been investigated. 
Theoretical considerations of the type discussed by Slater,' 
predict that with the available deuteron flux of 10" particles 
per cm? per sec there should be no appreciable change in creep 
rate. So far as dislocations are concerned the available deu- 
teron flux cannot displace sufficient atoms from their normal 
lattice sites to produce a dislocation; further, the steady-state 
density of displaced atoms is not sufficiently high to impede 
the motion of those dislocations. Arguments may be given to 
show that while regions of increased local temperature are 
produced during bombardment, these should not affect the 
creep rate. The experiments consisted of measurements of the 
second stage creep rate of a copper wire under deuteron bom- 
bardment at 260°C and a loading of 10,000 psi. Within the 
precision of the experiment, estimated to be +20 percent, the 
creep rate during and after bombardments of 10 to 20 hours 
duration was unchanged from that preceding bombardment. 
Thus, apparently the type of considerations involved by solid 
state theory are confirmed and creep rates should not be ex- 
pected to increase for all metals under bombardment as was 
feared a few years ago.* 

* This paper is based on part of a thesis submitted in partial fulfillment 
of the requirements for the degree of Ph.D. at the University of Pittsburgh. 


1J. C. Slater, J. Appl. Phys. 22, 237 (1951). 
2E. N. da. Andrade, Nature, 156, 113 (1945). 


Ni4. A Weak Potential Model for Electrons in a Metal. 
Epwarp N. Apams II, University of Chicago.—Many proper- 
ties of metals are qualitatively the same as the corresponding 
properties of a hypothetical degenerate electron gas. Thus in 
discussing metallic properties one often assumes that the 
electrons in a metal can be treated as noninteracting particles 
moving in some kind of average potential which has the peri- 
odicity of the space lattices. This potential is usually thought 
of as being weak in the sense that the distribution of energy 
levels is determined largely by the kinetic rather than the 
potential energy. In order to make a comparison of the proper- 
ties of such a model with those of a real metal it is ordinarily 
necessary to calculate two things according to the model, 
viz., the energy spectrum and the nondiagonal matrix elements 
of the momentum. An alternative procedure will be proposed 
in which the energy spectrum is assumed as a phenomeno- 
logical fact. The most important effects due,to off diagonal 
elements can be taken account of by a simple device which 
involves only an approximation expected to be very good ina 
weak potential theory. 


N15. Self-Diffusion in Zinc.* H. B. Huntincton, G. A. 
SHIRN, AND E. S. Waypa, Rensselaer Polytechnic Institute-— 
The self-diffusion of single crystal zinc has been measured 
from 300°C to the melting point with the use of Znes as a 
tracer and the usual lathe sectioning technique. Zinc 99.999 
percent pure was furnished by the courtesy of the New Jersey 
Zinc Company. Only crystals whose figure axis lay within 10° 
of parallel or perpendicular to the hexagonal axis were used. 
Before plating each crystal was polished (or faced in a lathe), 
etched, electropolished and, after a preanneal, checked for 
grain boundaries. For diffusion parallel to the hexagonal axis 
the data were well fitted by an activation energy Q=21.7 
kcal/mol and a Dy=0.1 cm*/sec in good agreement with 
earlier investigators.' For diffusion perpendicular to the hexag- 
onal axis somewhat preliminary results indicate Q=25.4 
kcal/mole and Do= 1.3 cm*/sec 

* Work performed under AEC contract. 


1F. R. Banks, Phys. Rev. 59, 376 (1941); P. H. Miller and F. R. Banks, 
Phys. Rev. 61, 648 (1942). 
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FRIDAY AFTERNOON AT 2:15 


PA 


NBS, East Building 
(A. H. WHITE presiding) 


Symposium of the DEP on Unusual Electron Physics 


NAI. The Physics of Positronium. Martin Deutscn, M.J.T. (40 min.) 

NA2. Some Properties of Fluorine-Contaminated Ice as Crystal Rectifier. E. J. WorKMAN, New 
Mexico Institute of Mining and Technology. (40 min.) 

NA3. Electrodynamics of Magnetic Storms. D. H. MenzeL, Harvard College Observatory. (45 min.) 


(Illustrated). 


FRIDAY AFTERNOON AT 2:15 


Shoreham, West Ballroom 


(J. O. HtrsCHFELDER presiding) 


Symposium of the DCP on Chemical Transport Phenomena 


P1. Relaxation Phenomena in Polyatomic Gases. K. F. HERzFELD, Catholic University. (45 min.) 
P2. Quantum Corrections to the Transport Properties of Gases at Low Temperatures. R. B. Birp, 


University of Wisconsin. (45 min.) 


P3. The Statistical Mechanics of Transport Properties. J.G. KirKwoop, Yale University. (45 min.) 


Business Session of the Division of Chemical Physics 


FRIDAY AFTERNOON AT 2:00 


NBS, Materials and Testing 


(G. H. DiexkE presiding) 


Optical Spectra; Molecular Structure 


PAI. Excitation Characteristics of the Spectra of Highly 
Ionized Aluminum in the Low Pressure Spark. R. W. KEB- 
LER,* W. W. McCormick, AND R. A. Sawyer, University of 
Vichigan.—The excitation of the spectra of three to six times 
ionized aluminum has been investigated in a controllable spark. 
Ihe breakdown voltage was reproducible and adjustable at 
values from 5000 to 20,000 volts; the peak current, from 15,000 
to 75,000 amperes; and the energy per train, up toa maximum 
of 6000 joules. Spectra were taken in the region from 95A to 
3030A with a 6-meter vacuum spectrograph at grazing in- 
cidence. The intensities of lines arising from low states of the 
different spectra were plotted with respect to a strong line of 
\l IV as functions of the various discharge parameters. The 
relative intensity of Al V and Al VI lines increases as a func- 
tion of current, at both constant frequency and voltage, but 
at a more rapid rate if the resistance in the spark circuit is 
increased. The relative intensity of the Al VII spectrum, 
shows an anomalous maximum of intensity of 30,000 amperes 
when the voltage is varied. A splitting of some of the Al IV 
lines with increasing current was observed which may be a 
Stark effect 
discussed. 


rhe significance of some of these effects will be 


* Now at Fort Monmouth, New Jersey, Signal Corps, U. S. Army. 


PA2. The Continuous Spectrum of Molecular Hydrogen. 
G. H. Drexe anp C. S. Ratnwater,* Johns Hopkins Uni- 
versity.—The energy distribution in the continuous spectrum 
of Hz has been determined for the region between 2200 ang- 


stroms and 3600 angstroms. The discharge tube pressure was 
varied from 0.6 to 15 mm Hg with currents from 0.06 to 2 
amperes. The results show a higher relative intensity below 
2500 angstroms than has been previously reported, and fail to 
indicate a maximum in the region observed. The changes in the 
distribution with variations in pressure and current were 
relatively minor. An explanation for this is suggested. The 
behavior of the distribution when an excess of helium is ad- 
mitted to the tube was studied, and the depression of the short 
wavelength intensities verified. These facts are in agreement 
with the conclusion that the Hz continuum is not due entirely 
to transitions from the 1so2se*X, state to the unstable 
lso2po*Z, state, but that some higher electronic states must 
also be involved. Analogy with corresponding transitions in 
the singlet system of H2 suggests that the triplet 1s3d com- 
plex is possibly a principal contributor to the intensity in the 
shorter wavelengths of the continuum. 


* Now at the University of Miami, Coral Gables, Florida. 


PA3. Influence of Molecular Structure upon the Infrared 
Carbonyl Band in Polycyclic Quinones. MariE-LOUISE 
JostEN AND NeEtson Fuson, Fisk University.—Although 
many spectroscopic studies on the carbonyl stretching vibra- 
tion have been made, the influence upon this vibration of the 
structure of the rest of the molecule is still not well understood. 
This is particulariy true of polycyclic compounds containing 
the carbonyl group. In order to contribute to the clarification 
of this problem an infrared spectroscopic study in carbon 
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tetrachloride solution has been made of the C=O frequency 
in over one hundred quinones. The results will be compared 
with those obtained through other approaches to molecular 
structure such as the oxidation-reduction potentials,? the 
index of the C=O liaison,’ the indices of free valence of the 
parent hydrocarbon,‘ and the geometrical form of the molecule. 

1M. L. Josien and N. Fuson, Bull. Soc. Chim. France 19 (to be published’ 
1952). This reference contains a bibliography on this subject 

*L, Fieser, J. Am. Chem. Soc. 57, 493 (1935) and previous Fieser papers 
in the same journal. 

* Pullman, Berthier, and 
(1948). 

4B. Pullman and A. Pullman, Les Theories Electroniques de la Chimie 
Organique (Masson & Cie, Paris, 1952). 


Pullman, Bull. Soc. Chim. France 15, 450 


PA4. Dissociation Energies of C—C and C-—F Bonds 
in Several Fluorocarbons by Electron Impact. VERNON H. 
DIBELER, Ropert M. REESE, AND Frep L. Mou_er, National 
Bureau of Standards.—Appearance potentials of the CF;* ions 
in CH,CF; (14.0 ev), C.F. (14.3 ev), CaFs (14.4 ev), n-CuFio 
(13.5 ev), and n-CsF\, (14.4 ev) were measured with a mass 
spectrometer. Ionization efficiency curves of the fluorocarbon 
ions and the calibrating gas (argon) were plotted on semi-log 
paper. Appearance potentials were obtained from the measured 
intervals between the curves and the spectroscopic value for 
argon. The appearance potential of the CH;* ion was also 
measured.'! Assuming negligible excess energy in the dissocia- 
tion process, the C—C bond energy was obtained by sub- 
tracting the known ionization potential of the CH; radical. 
This energy subtracted from the appearance potential of 
CF;* gives the ionization potential of the CF; radical (8.9 ev). 
Subtracting the latter from the above appearance potentials 
gives an upper limit to the dissociation energy of the CF;—R 
bond in the other four compounds. Excepting C,4F jo, this 
value is essentially constant (124+7 kcal) within the esti- 
mated experimental error. The lower value for CF :9(106 
kcal) is unexplained at present. Appearance potentials of 
C.F,* and C,F;* ions were also measured permitting esti- 
mates of the ionization potentials of these radicals and esti- 
mates of other C—C and C—F bond energies. 

1 Dibeler, Reese, and Mohler, J. Chem. Phys. (submitted for publication). 


PAS. Wavelength Shift in Spectra of Aromatics Con- 


taining Fluorine.* H. Sponer, Duke University.—It has 
been observed that the electronic transition which occurs in 
benzene at 2600A shifts towards longer wavelengths upon 
substitution. This shift and the intensity of the absorption 
spectra have been discussed by several authors! in their de- 
pendence upon the resonance interaction between ring and 
substituent (migrational effect) and an inductive effect. It was 
found that for most molecules the resonance effect offers an 
adequate explanation of these properties. Exceptions were 
noticed for the phenylhalides and for benzotrifluoride where 
the order of intensities is opposite to predictions. The induc- 
tive effect was held responsible for this behavior. We have 
now observed that the red shift of the spectra is anomalous in 
the series fluorobenzene, meta difluorobenzene, 1,3,5-trifluoro- 
benzene, in that it has the largest negative value for the mono- 
derivative, is smaller for the diderivative and becomes positive 
for the triderivative. There are peculiarities also in the shifts 
of the corresponding spectra of other substituted benzenes 
containing fluorine atoms. These results will be demonstrated 
in tables and a discussion will be given. 
* Supported by the ONR. 


K. F. Herzfeld, Chem. Revs. 41, 233 (1947); A. L. Sklar, J. Chem. Phys. 
7, 984 (1939); F. A. Matsen, J. Am. Chem. Soc. 72, 5243 (1950). 


PA6. On the Absorption System of Light and Heavy 
Naphthalene Vapor at 2900-2500A.* C. D. Cooper, Uni- 
versity of Georgia, AND H. Sponer, Duke University.—The 
second absorption region occurs in naphthalene at 2900- 
2500A. It was obtained in a 3-m grating spectrograph in 
Eagle mounting and consists of a succession of broad diffuse 
groups. Several of these groups show finer structure. The 
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bands st 35,910 in light and at 36,035 cm™ in heavy naphthal- 
ene are taken as 0, 0 bands of the system. The most prominent 
vibrational frequencies which appear in progressions and com- 
binations are 480 and 1390 cm™ in ordinary naphthalene, and 
490 and 1365 cm™ in deuterated naphthalene. Ground ‘state 
vibrations of 512, 1022 cm™, and possibly 1380 are observed 
in the light compound, and of 495 in the heavy molecule. Here 
assignments of the higher frequency values to vibrational 
modes are uncertain. The region of overlap of the second ab- 
sorption region with the first region at 3200-2800A makes 
measurements of these bands and their interpretations ex- 
tremely difficult. 
* This work was supported by the ONR 


PA7. The Near Ultraviolet Absorption Spectra of 2- and 3- 
Fluoropyridine in the Vapor State.* H. P. SrePpHENSON, Duke 
University (Introduced by H. SPONER).—The near ultraviolet 
absorption spectra of 2- and 3-fluoropyridine have been 
photographed in the first order of a 3-meter grating spectro- 
graph from 2200A to 3000A. It has been found that in two- 
fluoropyridine there is only one electronic transition in this 
region, whereas in three-fluoropyridine there are two transi- 
tions. The transition in two-fluoropyridine appears strongly 
with 0—0O band at 2628.35A (38,035.4 cm) and has been 
assigned to a r—x* singlet-singlet electronic transition. It is 
characterized by a remarkable discreteness not possessed by 
the +—2x* transitions in pyridine and other pyridine deriva- 
tives. Of the two transitions in three-fluoropyridine one is a 
strong system of very diffuse bands which appears in the same 
spectral region as the two-fluoropyridine spectrum. It has 
been assigned to a *—x* transition with 0—0 band probably 
at 2676.9A (37,346 cm~). The second system with 0—0 band 
at 2851.82A (35,055.1 cm~') is much weaker than the first and 
consists of extremely sharp, line-like bands. In analogy with 
pyridine, this latter transition has been assigned to an n—x* 
transition arising from a nonbonding electron of the nitrogen. 
Slides of the spectra will be shown and a probable explanation 
given for the absence of the n—-x* transition in two-fluoro- 
pyridine. 

* Supported by the ONR 


PA8. The Near Ultraviolet Absorption Spectrum of Meta 
Difluorobenzene.* V. RAMAKRISHNA RAO AND H. SPONER, 
Duke University—The near ultraviolet absorption spectrum 
of meta difluorobenzene vapor was studied with a 3 m grating 
spectrograph in a pressure range corresponding to tempera- 
ture of —60 to +25°C. About 400 bands were measured. 
They are degraded to the red. The strong band at 2637.1A 
was chosen as 0,0 band. The most prominent frequencies 
appearing in the excited state are 703, 740, 967, and 1269 cm™. 
All of them are observed in strong bands also in the ground 
state.f Frequency differences of 66 and 97 cm have been 
found representing v—v transitions. A study of the spectrum 
in iso-octane solution gave f=0.0096 as oscillator strength, 
indicating a slight increase of the intensity over that of the 
monofluorobenzene spectrum. 

* Supported by the ONR. 

t A list of Raman frequencies (unpublished research) was very kindly 
supplied by Dr. J. Rud Nielsen. 

PA9. Infrared Emission of the Hydrogen-Fluorine Flame. 
W. S. Benepict, National Bureau of Standards, B. W. But- 
LOCK AND SHIRLEIGH SILVERMAN, Johns Hopkins Applied 
Phystcs Laboratory, AND A. V. GrossE, Temple University.— 
The radiation from a diffusion-type flame of fluorine in 
hydrogen, burning at pressures up to 5 atmospheres, has been 
observed using a Perkin-Elmer monochromator with quartz 
optics and PbS detector. The intensity of the HF emission 
bands in the fundamental region (2.25-2.75,) is so great that 
spectral slits of ~3 cm™ could be used. The rotational struc- 
ture of the R branches of the 1—0 and 2—1 bands is resolved 
out to J’ = 16, and heads are observed at 4412 and 4212 cm™ 
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In the region of the first overtone, 1.25-1.65y, spectral slits of 
~20 cm permit resolution of rotational structure in the 
P branches of the 2—0, 3—1, and 4—2 bands, and the ob- 
servation of strong unresolved R-branch heads. With wide 
slits the 3—0, 4-1, 5—2, 6—3, and 7—4 heads have been 
observed between 0.86—1.04y. Improved values of the rota- 
tional constant D may be derived from the lines of high J. 
Rotational “temperatures” derived from the lines in the 
fundamental region where erratic due to reversal effects, but 
consistent vibrational ‘‘temperatures” of 4000+100°K have 
been obtained from the first overtone sequence. 


PA10. Energy Distribution of CO Molecules in CO—O, 
Flames.* SHIRLEIGH SILVERMAN, Johns Hopkins University, 
Silver The energy distribution in CO—O, flames in 
the CO harmonic region at 2.3 microns has been studied under 
moderately high resolution (slit width ~0.8 cm). ‘‘Tempera- 
profiles were obtained from a two-dimensional flame. 
‘“‘temperatures’’ were obtained from the usual 
InJ—InA vs E plots, as well as by comparing the integrated 
continuum intensity at the 2—0 band head with the inte- 
grated intensity of several completely resolved lines at low J 
rhe vibration. il ‘temperatures’ were determined by 
Vf \*v‘/vs E for a number of rotational lines in 
different vibration bands. Near the orifice, the rotational and 
vibrational ‘‘temperatures” are equal. The vibrational ‘‘tem- 
peratures’ seem to correspond rather well to thermodynamic 
values throughout the profile. However, the rotational dis- 
tribution gives evidence of a non-Boltzmann distribution over 
the entire flame beyond the region near the orifice. It is also 
noted that the maximum rotational and vibrational ‘‘tempera- 
tures” both occur in a region about 10~* sec downstream from 
the reaction zone, with the rotational value somewhat the 
higher of the two. This would indicate then a probable equi- 
librium vibrational distribution for CO molecules, whereas 
rotationally, CO molecules are either excited by collision or 
formed by decomposition of CO: into higher rotational states 
than would be expected for thermal equilibrium. 


Spring 
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Rotational 


values. 


plotting InJ 


* This work was supported by the U. S. Navy, Bureau of Ordnance 


and the ONR 


PAI1. Infrared Emission Spectrum of FeO. A. M. Bass 
AND W. S. Benepict, National Bureau of Standards.—A new 
band system (FX) has been observed in the near infrared 
in the radiation from flames to which iron carbonyl has been 
added. The system which extends from 7000 to 14000 cm™ is 
attributed to a transition in FeO between the ground state and 
a low-lying electronic state. The 0, 0 band is located at 10332 
em! and a vibrational analysis shows the known spacing of 
about 864 cm for the ground-state vibrational energy levels 
and about 651 cm™ for the excited state. It appears likely that 
some of the bands previously measured and assigned by Malet 
and Rosen! to the system D—X are actually part of the short 
wavelength end of the new system. 

L. Malet and B. Rosen, Bull. Inst. roy. colonial belge., 377 (1945). 

PA12. Centrifugal Distortion in Asymmetric Rotor Mole- 
cules.* D. KrveLson AND E. Bricut Wixson, Jr., Harvard 
University.—The effect of centrifugal distortion on the rota- 
tional energy levels of semirigid asymmetric rotor molecules of 
orthorhombic symmetry has been tretted by an approxima- 
tion which is easier to use than the direct procedure. An 
approximate Hamiltonian is obtained which yields the per- 
turbed energies (to first order) by the solution of a continued 
fraction similar to that employed for the rigid case. The result 
is applicable to any type of band and to any degree of asym- 
metry. With suitable additional restrictions it reduces to the 
semiclassical formulas of Cross! and of Lawrance and Strand- 
berg.? Certain sum-rules for the rotational energy levels of 
semirigid molecules, analogous to those of Mecke for the rigid 


model, have been worked out. The methods for relating the 
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centrifugal distortion coefficients to the force constants and 
geometry of the molecule have been somewhat simplified. 


* * Supported in part by ONR. 
. C. Cross, Phys. Rev. 47, 7 (1935 
i B. Lawrance and M. W. P. a Phys. Rev. 83, 363 (1951). 


PA13. Density Matrix Formulation of LCAO Molecular 
Orbital Theory. WiLL1AM J. TayLor, Ohio State University.— 
In the LCAO method, molecular orbitals, ¢,(t¢= +, n), 
are expressed in terms of atomic orbitals, xa(a=1, ---, »), 
as ¢j=Zelaixa. Orthonormality of the ¢,’s requires 
LaplaiSapcpj=5;;, Sap=SXaxpde. Introduce the Dirac density 
matrix, p(x, x') = Zi gid,’ =ZappasxaXs’, Pas=Zilailps- Define 
an LCAO “density matrix” 9, with elements pag. The ortho- 
normality condition yields p?= f{p(x, x’’)p(x”’, x’)dx” =p; 
similarly, 2y3pa75S75p58= pas, or OSo=o. Assume a 2n-elec- 
tron total wave function of the antisymmetrized sing- 
let or closed-shell type. Then the total energy is E=22,H, 
+2 ,;(2Ji;—K,;). Hy, is the one-electron nuclear-field energy ; 
Jjjand K,;are Coulomb and exchange integrals. Define the inte- 
grals, Hag= SXallxgdx, and lag, ys=efS Xaxpr XK y' xs dxdx’, 
r=|x—x'|. Then E=2ZagpasHgat Zapyspappys(2] pa, by 
—Igy,8a). In principle, EZ can be minimized by variation of 
the pag’s, subject to the auxiliary conditions stated. Roothaan 
has put Fock’s self-consistent field equations in the form, 
Fe;=«;Se;; ¢,={cii, -++, Cy} is the ith eigenvector, and « 
the ith eigenvalue. Roothaan’s matrix F is expressed in terms 
of the pag’s by Fag=Hag+2yspys(2lag,8y—Tay, 5s). If the 
Pas’s are guessed, one can compute F, solve for the ¢,’s, re- 
compute the pag’s, etc. The total number of electrons is 
2S o(x, x)dx = 22 appapSsa=2n. Thus Qa=2epaa is the charge 
in the ath atomic orbital, and Pag=2e(pagSagt+PapSas) is 
the charge in the afth “bond.” 


PA14. Modification of the Silberstein Model of Optical 
Anisotropy. FRANK Martossi, U. S. Naval Ordnance Labora- 
tory.—The Silberstein model explains optical anisotropy 
(measured by Rayleigh scattering or Kerr effect) as caused by 
the interaction of induced dipoles. All applications of this 
model suffer from the fact that the numerical valuation yields 
atomic distances much too large. By correcting the dipole 
field, this discrepancy disappears without jeopardizing the 
applicability of the model to Raman effect and infrared spec- 
trum. As in previous papers, the variation of the atomic 
polarizabilities must be taken into account. Numerical re- 
sults will be presented for diatomic and symmetrical linear 
triatomic molecules. 


PAI15. A Phenomenological Model for the Excluded Volume 
Problem.! R. J. Ruprn? AND P. DEBYE, Cornell University.— 
The similarity in form between the path generated by a gen- 
eral random walk or diffusion process and the skeleton of a 
polymer molecule is complete if the nonzero excluded volume 
of the monomer units of the molecule is ignored. To take 
account of excluded volume, the phenomenological model 
assumed here is a diffusion model in which the direction of the 
Nth step in the diffusion process is influenced by the density 
6 of the previous steps, calculated ignoring excluded volume. 
The probability @(Ry—Rw-1) for going from Ry_; to Ry is 
modified so that it has the form ®#(AR)[1—v6(AR, Ry) ] where 
v is the excluded volume for a pair of steps. One is then led toa 
diffusion-like equation 

ow Raw 


aN 'NOR'6R?0R AR 
The solution of the equation of the form 
W(N, R) = CN-4)(3R?2/2 Na*) 
involves confluent hypergeometric functions; and the mean 
square distance moved after N steps is (R?) = Na*/(1—5). 
1 Supported by Office of Rubber Reserve. 


2 Now at The Applied Physics Laboratory, Johns Hopkins University, 
Silver Spring, Maryland. 


ai0,0W 
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FRIDAY AFTERNOON AT 2:30 


Wardman Park, Continental Room 


(R. R. WILSON presiding) 


Reactions of Transmutation, II 


Ql. The Excited States of F® and O'’.* H. A. Watson, 
M.I.T.—The excited states of F*° have been investigated over 
a range of excitation energies from 0 to 5.1 Mev by magnetic 
analysis of the energy spectrum of protons from the F!*(d, p)F* 
reaction. Deuteron bombarding energies ranging from 1.5 to 
2.1 Mev were used and observations taken at 90 degrees to 
the incident beam. Nineteen proton groups corresponding to 
the ground state and eighteen excited levels of F?° have been 
identified in the region investigated. Eight of the excitation 
energies calculated for the F?° levels are in good agreement with 
results recently obtained by Burrows, Powell, and Rotblat.' 
The energy spectrum of alpha-particles from the F(d, a)O" 
reaction has also been analyzed. Alpha-particle groups corre- 
sponding to ten excited levels of O'7 in the range of excitation 
energies from 0 to 6.9 Mev,were found. Some of the groups 
corresponding to O" levels of sufficient excitation to be un- 
stable against neutron decay exhibited a broadening as a 
result of the natural width of the corresponding O' levels. 
Widths ranging up to 35 kev are calculated for these levels. 

* This work has been assisted by the joint program of the ONR and AEC. 
an Powell, and Rotblat, Proc. Roy. Soc. (London) A209, 461 


Q2. Neutrons from Deuterons on Neon (20).* C. P. 
SWANN AND C, E. MANDEVILLE, Bartol Research Foundation.— 
A thin gaseous target of neon has been irradiated by deuterons 
of mean energy 1.0 Mev, supplied by the Bartol Van de Graaff 
statitron. The emitted neutrons were observed at angles of 
zero and 90° with the incident deuterons by the method of 
recoil protons in Eastman NTA plates. The reaction energy of 
Ne?°(D, n)Na®™ is measured to be (—0.17+0.05) Mev as 
compared with a calculated Q value of (+0.22+0.02) Mev. 
This computed value is based upon energy releases in reactions 
Ne?°(D, p)Ne#!, Na*(8+)Ne*, and n'(8—)H!, with the as- 
sumption that the positrons of Na* proceed to the ground 
state of Ne. The disagreement between the calculated and 
observed Q values for Ne®*(D,n)Na® can be explained by 
either of two reasons: (1) The positrons of Na* are coupled 
with gamma-rays of energy 0.39+0.05 Mev. (2) The ground- 
state neutrons of Ne*°(D, n)Na* have not been observed in the 
present measurement, 


* Assisted by the joint program of the ONR and AEC. 


Q3. Neutron Activation of Ne** and N', and an Attempt 
to Detect Dineutrons in a Pile. A. J. FERGUSON AND J. H. 
MontaGuE, Chalk River Laboratories—A gas-flow method 
has been used to study the neutron activation of He, Ne, and 
N; at the surface of the reacting core in the N.R.X. pile. The 
activities were measured with thin-walled cylindrical Geiger 
counters surrounded by annular chambers through which the 
gas passed. Decay curves were obtained by varying the length 
of the flow path between the pile and the counters. The 
efficiency of the counting system was determined using the 
known cross sections! for the Cl*7(m, ~)Cl** reaction and the 
O'8(n, y)O" reaction. For He no activation could be detected; 
this implies that the product of the dineutron flux, if present 
at all, and the cross section for the He*(n?, y)He® reaction 
is less than 10~'* sec. The cross section for Ne*(n, y)Ne® 
was determined as (3.6+1.5)X10-% cm?, and that for 
N!5(n, y)N* as (8.0+3.0) X10-** cm*. It is believed that the 


nitrogen used was free of any contamination which could 
affect the above result for the N'* activation. 
1 Seren, Friedlander, and Turkel, Phys. Rev. 72, 888 (1947). 


Q4. Gamma-Rays from Na, Mg, and Al under Bombard- 
ment by 200-420 Kev Protons. Harvey Casson, University 
of Chicago.—Tangen! and others have found weak resonances 
for gamma-ray production in sodium, magnesium, and 
aluminum targets under bombardment of protons at energies 
below 420 kev. An investigation of the more prominent gamma- 
ray energies emitted at these resonances is being carried out 
with a Nal(TI) crystal spectrometer. Since the gamma-ray 
yields are relatively low, some of the resolving power possible 
with the spectrometer is being sacrificed by bringing the 
vrystal very near to a broad target. The spectrometer; is 
calibrated in this geometry with 6.13-Mev gamma-rays ob- 
tained by bombardment of fluorine with 340-kev protons, and 
checked using Na® and Co® y-ray sources. In the case of 
aluminum, the 404- and 325-kev resonances both show a 
7.18+0.07 and 1.80+0.02-Mev y-ray. Further numerical 
values of energies and relative intensities, with attempts at 
correlation with the known energy levels of these elements, 
will be presented. 

1R. Tangen, Det Kgl Norske Videnskabers Selskabs Skrifter 1946, 
NRI (1947). 


QS. Energy Levels of Ti**.* G. F. Prerer,t Yale Uni- 
versity.—The proton groups from Ti**(d, p)Ti*® have been 
analyzed by measuring their ranges in aluminum at 90°. 
Targets were constructed from TiO, enriched to 98.9 percent 
Ti**. At a mean deuteron energy of 3.79 Mev, 5 groups have 
been measured. The Q values obtained are 5.81, 4.41, 4.07, 
3.36, and 2.67 Mev. The probable error in each value is ap- 
proximately 50 kev. The value for the ground-state transition 
is in quite close agreement with that calculated from the 
packing fractions reported by Collins, Nier, and Johnson.! 

* Assisted by the joint program of the ONR and AEC. 


t AEC Predoctoral Fellow. 
1 Collins, Nier, and Johnson, Phys. Rev. 85, 726(A) (1952). 


Q6. Relative Yields of Bromine-80 Isomers in Nuclear 
Reactions.' ARTHUR W. FAIRHALL AND CHARLES D. CoryYELL, 
M.I.T.—The isomeric pair 4.44 Br*°"—18m Br*® has been 
made by a number of different nuclear reactions, (mn, y), 
(d, p), (p, m), (d, 2n), (d, w), and (y, 2). The relative yield of 
the ground-state isomer to that of the metastable isomer is 
found to vary widely for different reactions, in a manner which 
shows the influence of the spin of the target nucleus, the orbital 
angular momentum and spin of the projectile, and the excita- 
tion energy involved in the nuclear reaction. For energies 
within 1 Mev of threshold for the (y, ), (p, m), and (d, 2m) 
reactions, the high spin metastable isomer is very weakly ex- 
cited. The excitation curve for the (d, 2”) reaction compared to 
the (p, m) reaction is not what one would expect of a stripping 
reaction unless the stripped proton carries into the nucleus 
more angular momentum than a corresponding free proton 
In the (d, a) reaction, although high excitation energies are 
involved, the yield of metastable isomer is very low. This 
anomalous result may be explainable on the basis of emis- 
sion of a-particles of low orbital angular momentum. Similar 
studies have been carried out on Zn, Se®, In™*, and Te™. 


1 Supported in part by the AEC. 
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Q7. The Reactions Sr**(d, p)Sr**, Zr™(d, p)Zr™, and 
Mo**(d, p)Mo. F. B. SHULL AND C. E. MCFARLAND, Washing- 
ton University.*—Targets containing Sr in natural isotopic 
concentration and Zr* and Mo* in concentrated form! were 
bombarded with 10-Mev deuterons. Protons emitted at 90° 
to the incident beam were analyzed with respect to momentum 
by means of a 180° magnetic focusing charged-particle spec- 
trometer, and were detected with nuclear emulsions. The pre- 
liminary Q values of the observed proton groups attributed to 
the residual nuclei, together with the corresponding nuclear 
excitation energies, are given in Table I. The range of mo- 


Taste I. 








Residual 
nucleus 


Q values, Mev Nuc. exc. energies, Mev 





Sr 4.82, 3.70, 2.73, 2.31 
Zr" 5.03, 2.93 
Mo* 6.50, 4.91 


0, 1.12, 2,09, 2.51 
0, 2.10 


0, 1.59 








mentum observed allowed the detection of proton groups corre- 
sponding to Q values from 1.56 to 5.26 Mev for Sr**, from 1.23 
to 6.29 Mev for Zr, and from 2.17 to 7.87 Mev fo- Mo®. 
Other proton groups were observed but these were assigned 
to other nuclei present in the targets. 

* Assisted by the joint program of the ONR and AEC. 


' Electromagnetically concentrated isotopes supplied by Union Carbide 
and Carbon Corporation, Oak Ridge. 


Q8. Nuclear Reactions in Cobalt and Arsenic. C. J. 
Avery, K. C. KAERICHER, AND M. L. Poot, Ohio State Uni- 
versity.—6.3-Mev proton bombardment on Fe,Q; enriched* 
to 42.0 percent Fe** produced the 8.8-hour Co®* activity. 
The half-life was found to be 9.0+.2 hours. Aluminum ab- 
sorption measurements showed the presence of electrons of 
0.0185 Mev. The x-rays emitted by the 9-hour activity proved 
to be characteristic of Co and those emitted by the 72-day 
activity characteristic of Fe. The relative cross sections for the 
72-day Co® activity, the 80-day Co® activity, and the 9-hour 
Co activity proved to be 8:0.6:1. The above activities are 
thus strongly genetically related. Bombardment of natural 
Ge and Ge”? enriched to 88.1 percent failed to produce the 
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reported 52-minute activity. The relative cross sections for the 
reactions Ge7°(p, y), Ge™(p, n), Ge™(p, vy), and Ge™(p, n) are 
approximately 1, 14.7, 0, and 8.3, respectively. 


* Supplied by Y-12 plant, through the Isotopes Division, Oak Ridge. 


Q9. (a, n) and (a@, 2n) Cross Sections with Ag™.* E. 
BLEULER AND D. J. TENDAM, Purdue University.—By apply- 
ing the statistical theory of nuclear reactions to the excitation 
curves of (a, m) and (a, 2) reactions with Rh and Ag, Bradt 
and Tendam! found for the nuclear temperatures involved a 
value of about 1.8 Mev, at around 10-Mev excitation energy. 
Since direct measurements of the neutron energy distribution*® 
and theoretical estimates yield somewhat lower values, the 
excitation curves have been remeasured with enriched Ag'*.$ 
Absolute cross sections have been obtained by coincidence and 
spectrometer methods. If the neutron energy distribution 
N(E)=const E exp(— E/T) is assumed, one obtains nuclear 
temperatures which increase from about 1.2 Mev near the 
threshold of the (a, 2) reaction (14.8 Mev) to 1.7 Mev at 4 
Mev above threshold. The total cross section for alpha-par- 
ticles, taken as o(a, n)+o(a, 2n), indicates a nuclear radius 
(R=roA!) corresponding to a value of ro slightly larger than 
1.4 10-" cm. 

* Supported by the AEC. 

1H. L. Bradt and D. J. Tendam, Phys. Rev. 72, 1117 (1947). 


2P. C. Gugelot, Phys. Rev. 81, 51 (1951). 
3 Obtained from the Isotopes Division of the AEC, Oak Ridge. 


Q10. Proton Groups from the Deuteron Bombardment 
of Co®’ and Cu®. DonaLp C. HoesterREy, Yale University.— 
Proton groups from nuclear energy levels have been obtained 
at 90° with respect to the incident beam from the reactions 
Co**(dp)Co™ and Cu®(dp)Cu®™ using 3.80-Mev deuterons from 
the Yale University cyclotron. Q values for the ground and 
first excited states of Co are, respectively, 5.30 Mev and 
4.86 Mev. Levels with Q values of 5.66 Mev, 5.15 Mev, and 
4.37 Mev, for the ground, first, and second excited states re- 
spectively were obtained from the bombardment of an enriched 
Cu® target. A highly biased proportional counter was used to 
detect only the protons whose paths ended in the counter. 
The energy of the emitted protons was measured by interposing 
aluminum absorbers between the target and counter. 


FRIDAY AFTERNOON AT 2:15 


Shoreham, Terrace Room 


(J. H. VAN VLECK presiding) 


Invited Papers 


R1. A Cosmic-Ray Experiment on the Inelastic Cross Sections of Hydrogen and Other Nuclei for 
Pions. O. Prcciont AND R. L. Coot, Brookhaven National Laboratory. (30 min.) 

R2. High Pressure Diffusion Cloud Chambers and Their Applications, with Results of Scattering 
of Pions by Light Nuclei. R. P. Sautt, Brookhaven National Laboratory. (30 min.) 

R3. Recent and Prospective Improvements in Measurement of Nuclear Energy-Levels. J. W. M. 
Dumonb, California Institute of Technology. (45 min.) 
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FRIDAY AFTERNOON AT 2:15 


Wardman Park, Burgundy Room 


(E. FERMI presiding) 


Meson-Theory; Nuclear Shell-Structure 


RA1. Phenomenological Potentials in Meson Scattering. 
R. LELEvier, University of California, Berkeley.—The experi- 
mental data on elastic scattering of 62- and 90-Mev pions by 
carbon contain two significant features: (1) There is a large 
amount of large angle scattering; (2) at small angles, where 
Coulomb interference is important, +* is less than x~ scatter- 
ing. One cannot fit the data over the entire angular range by 
means of a conventional attractive potential! since destructive 
interference between P-wave scattering and S- and D-wave 
scattering would result in a small cross section at the large 
angles. A potential which is entirely repulsive in character is 
unsatisfactory for the same reason. Furthermore, the 
scattering would be greater than x* scattering at small angles 
because of Coulomb interference. However, if one adds to an 
attractive potential a central region of repulsion the P-wave 
phase shift is greatly reduced, the D-wave phase shift is es- 
sentially unaltered and the scattering exhibits features (1) and 
(2) mentioned above. A potential of this form is motivated by 
Schiff’s nonlinear meson theories.2 The scattering by such 
potentials is of course extremely parameter sensitive and the 
fit with experiment is still only qualitative. 

1D. C. Peaslee, ‘Coulomb me in Meson Scattering,"’ CR-1713, 


Columbia University, December 7, 1950. 
Schiff, Phys. Rev. 84, 1, io (1951). 


RA2. Angular Distribution of x-Carbon Scattering.* D. C. 
PEASLEE, Columbia University.—An average angular distri- 
bution for #-nucleon scattering of the form f(@)=(a+ 8 cosé 
+3 cos*@)/(a+1) is inferred from elastic r-carbon scattering 
at 60 Mev' by means of a Born approximation and inde- 
pendent-nucleon wave functions. If hk is the meson momentum 
and K=2ksin@/2, carbon scattering is proportional to 
6(0)| p(K) |?, where p(X) is the average Fourier component of 
the single-nucleon density, and to a good approximation f(@) 
behaves like an intrinsic nucleon form factor with coefficients 
a, 8 dependent only on k and not on K. The shape necessary 
for p indicates that individual nucleons are localized to roughly 
a-particle volumes. The ‘‘best’’ (+50 percent) values for the 
parameters are a~1/3, B~—1, indicating that (1) meson- 
nucleon scattering is predominantly p-wave; (2) the ratio of 
p- scattering with nucleon spin flip to scattering without spin 
flip is 1/5; (3) some s-wave interference appears to be 
present, with. |6,—5,—2/2|Sx/3. The total s-wave scatter- 
ing is S10 percent of the total p-wave scattering. The values 
of a and 8 do not apply to free-nucleon scattering because of 
the exclusion principle. 

* This work is supported by the research program of the AEC. 

1 Byfield, Kessler, and Lederman, Phys. Rev. (to be published). 

RA3. Surface Production of Charged Mesons by Photons 
on Nuclei. S. T. BurLer, Cornell University (Introduced by 
R. R. WiLson).—An estimate has been made of the magni- 
tude of the photoproduction cross section of charged mesons 
from “surface nucleons,” i.e., the weakly interacting nucleons 
which make up the less dense nucleon atmosphere surround- 
ing the main body of a nucleus. It is found that, quite apart 
from having the correct A! dependence for the +*+x~ cross 
section, the surface effect can account for considerable frac- 
tions (50 percent) of the observed yields! (allowance being 
made for meson absorption by the residual nuclei), and be- 
cause of the differences in average binding between neutrons 
and protons in nuclei, gives #~/x* ratios which vary in good 
agreement with the experimental variations. The results sug- 
gest that the production of mesons from the core of a nucleus 


is somewhat suppressed (apart from the ordinary binding 
energy reduction). A possible explanation is that an inter- 
mediate excited state of a nucleon which is strongly interact- 
ing with one or more neighbors can decay, not only by photon 
or meson emission, but also to an appreciable extent by a dis- 
integration of the interacting nucleon group.’ 


1R. M. Littauer and D. Walker, Phys. Rev. 83, 206 (1951). 
2R. R. Wilson, Phys. Rev. 86, 563 (1952). 


RA4. Meson Production by Nucleons in Coulomb Fields.* 
E. D. Courant, Brookhaven National Laboratory.—When a 
nucleon passes through the Coulomb field of a nucleus mesons 
may be produced by virtue of the charge of the nucleon, the 
magnetic moment of the nucleon, or the charge of the meson. 
The cross section for this process has been obtained, using the 
pseudoscalar meson theory with pseudovector coupling and 
treating the nucleon magnetic moments by means of a Pauli 
term.! The cross section increases with the fourth power of 
the nucleon energy, due to the finite size of the nucleus, up to 
an energy of about (ucR/h) Mc?, and then levels off with in- 
creasing nucleon energy. For 3-Bev protons on lead, the differ- 
ential cross section for the production of 500-Mev positive 
mesons in the forward direction is about one millibarn per 
steradian per Bev. 


* This work was performed under ~ auaplc es of the AEC. 
1M. F. Kaplon, Phys. Rev. 83, 712 (1951) 


RAS. Multiple Meson Production. M. RupERMAN, Uni- 
versity of California, Berkeley.—The solution of the equation of 
motion of the nucleon spin' in the presence of a strong tran- 
sient external force indicates that, for a sufficiently energetic 
interaction, most of the transferred energy goes into kinetic 
energy of spin rotation (isobar excitation) rather than into 
immediate meson emission. The isobar subsequently decays 
to the ground state with multiple emission. If, following Fermi,” 
it is assumed that in a very high energy collision the collision 
products are determined by their statistical weights, the possi- 
bility of isobar production should therefore be included. For 
center-of-mass energy W<100 Mc? they have little effect. At 
higher energies they dominate because of their high spin and 
charge degeneracy. Taking for the isobar level separation the 
results of symmetrical pseudoscalar meson theory fitted to 
give a first excited state at ~300 Mev, the meson multi- 
plicity is ~0.65(W/Mc*)*". The ratio of antiprotons to 
mesons is (0.07) exp(—2 Mc?/kT)(Mc?/kT)}, and (kT /Mc?) 
~(W/Mc?)*" (0.12)>1. The inclusion of isobars keeps this 
ratio small with a maximum near kT/Mc?™1. 

1W. Pauli, ane Theory of Nuclear Forces (Interscience Publishers, Inc., 


New York, 1% 
1 E. Fermi, + al Theoret. Phys. 5, 570 (1950). 


RA6. On the Decay of a Scalar Particle into Three Photons. 
L. WOLFENSTEIN AND G. D. RAVENHALL, Carnegie Institute of 
Technology.—By means of an explicit construction, it may be 
shown that the decay of a scalar (or pseudoscalar) neutral 
particle into three photons is consistent with the conditions of 
invariance under rotations and reflections. On the other hand, 
the matrix element for the decay of singlet positronium into 
three photons is zero to first order, and for all the interactions 
we have been able to think of the decay of a scalar meson into 
three photons is forbidden (to all orders) by Furry's theorem. 
This suggests strongly that there exists a further invariance 
principle yielding a selection rule for this case. The selection 
rules arising from the following well-known invariance prin- 
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ciple are therefore being investigtted: The theory is invariant 
under the transformation in which all charged fields are trans- 
formed to their charge conjugate fields and the electromagnetic 
field is reversed in sign. Under this transformation the matrix 
element between the singlet state of an electron and positron 
at rest and a state of three photons changes sign, which 
shows that this matrix element must vanish to all orders. 
Further results will be discussed. 


RA7. Strong Coupling in Relativistic Meson Theory. 
Murray GELL-MANN AND MARVIN L. GOLDBERGER, Unt- 
versity of Chicago.—The problem of a nucleon interacting with 
a meson field is treated according to the approximation in 
which “closed-loop” Feynman diagrams are omitted, though 
nucleon recoil and virtual nucleon pairs are otherwise taken 
into account. The equations relating the Feynman amplitudes 
describing the presence of various numbers of virtual mesons 
are shown to be equivalent to an eigenvalue equation similar 
to that encountered in the “one-particle” Dirac theory of a 
nucleon and a quantized field. It is found that in this form the 
problem can be attacked by strong-coupling methods. In 
particular, the case of pseudoscalar meson theory with strong 
pseudoscalar interaction will be discussed. 


RA8. Nuclear Structure and Interpretation of $-Decay.* 
R. KinG AND E, FEENBERG, Washington University.—The 
nuclear shell model and the ft product of 8-decay correlate the 
character of the 8-transitions with the spin and parity of the 
nuclear levels. When a histogram of the ft products is made for 
even A transitions between ground states, one expects by 
Nordheim’s rules to have the group AJ=0 (no) transitions 
absent, and this shows itself by the lack of a peak at logft~5.5 
which does occur for even A transitions to excited states, and 
also for odd A transitions. By assigning spins and parity from 
the shell model for odd A nuclei, one can locate the group 
AI=0 (yes) transitions. The range indicated is logft~6.0 to 
6.9, that is, above logft~6.9 both AJ=+1 (yes) and AJ=0 
(yes) are present. This proves consistent with the grouping of 
even A transitions between ground states, where the few 
found in this range can be interpreted as AJ =0 (yes) transi- 
tions. Possible explanations will be discussed. 


* Supported by the joint program of the ONR and AEC. 


RA9. Ground-State Spins and Energy Differences from the 
Jj-Coupling Model.* D. Kuratu, Argonne National Labora- 
tory.—The order of energy levels for configurations of 
jj-coupled nucleons is investigated. Calculations for 1p, 1d, 
and 1f nucleons use oscillator functions for the individual 
particles and a central interaction with Gaussian range de- 
pendence between nucleons. In the limit of vanishing inter- 


action range the conclusions are as follows: 
Configuration Ground state 

(7)™, identical nucleons 

(7)***1, identical nucleons 

j)***1, mixed nucleons 

(7:)'(y2)' neutron-proton 

Ji)"(j2) ~! neutron-proton 


SESSION RA 


Configuration (5) is that of K* and Cl*. Use of finite range 
interaction brings other levels into consideration, but (1), (3) 
and to a lesser extent (2), (5) are likely to remain unchanged. 
For (4), J=ji+jz2 becomes more likely. For odd-A beta-de- 
cays in the 1/fr/2 shell, the binding energy differences, ex- 
clusive of the Coulomb contribution, show better agreement 
with the jj-coupling model than with the weak spin-orbit 
coupling model. 


* Work done in part at the University of Chicago. 


RA10, Excited States of Even-Even Nuclei. GERTRUDE 
SCHARFF-GOLDHABER, Brookhaven National Laboratory.*—A 
general survey of excited states of even-even nuclei yielded the 
following results: The mth excited state has usually a spin 
I<2n. For n=1, I=2 (even parity) with few exceptions.? 
The energy of the first excited state plotted against the number 
of protons or neutrons in the nucleus reaches maxima at 
closed shells. Wherever the first excited state is very low, e.g., 
in the rare earths region and in the heavy elements from 
thorium up, the one particle model for odd A nuclei is likely 
to break down except for the ground state. The lack of isomers 
for odd proton nuclei below magic number 82 may be due to 
this fact. The average energy of the first excited state of the 
even-even core in this region is of the order of 0.1 Mev, 
whereas the energy of the core of the corresponding odd neu- 
tron nuclei (N <82) is of the order of 0.5 Mev. The approxi- 
mately predictable position of the first excited state may have 
many applications (e.g., inelastic scattering of nucleons). 

* Under contract with the AEC. 

1M. Goldhaber and A. W. Sunyar, Phys. Rev. 83, 906 (1951) 


2 Horie, Umezawa, Yamaguchi, and Yoshida, Prog. Theoret. Phys. 6, 
254 (1951). 


RAII. Surface Energy in the Free-Particle Nuclear Model.* 
K. C. HAMMACK AND E, FEENBERG, Washington University.— 
The kinetic energy of A noninteracting particles in a box- 
shaped potential well of infinite depth and dimensions Ly, L2, 
L; is found asa series with terms proportional to A, Ai, Aj, ---, 
and with coefficients involving the volume, surface area, and 
“characteristic length” (Li +L2+JLs) of the box. The fact that 
the leading term, or volume energy, is derivable from Fermi- 
Dirac statistics for a volume of arbitrary shape makes reason- 
able the assumption that also the surface term is applicable 
to a region of any shape, and in particular to a sphere. Fur- 
ther calculations extend the method to wells of finite depth 
and to particles in all four charge-spin states. One then ob- 
tains the total energy for a nuclear model consisting of A 
noninteracting nucleons in a spherical potential well of finite, 
constant depth, expressed as a series in A, A!, A}, ---. The 
Al term indicates a surface energy about two-thirds as large 
as empirical mass and fission data require. The A! term has no 
apparent physical meaning, but is quite small. Its evaluation 
involves an attempt at a definition of the “characteristic 
length” of a region of arbitrary shape. 


* Supported in part by the joint program of the ONR and AEC. 


FripAY EVENING AT 7:00 


Shoreham 


(J. H. VAN VLECK presiding) 


Banquet of the American Physical Society 


After-dinner speakers: E. M. McMILtan, S. A. GoupsmiT, AND J. E. MAYER 





SESSION §S 


SATURDAY MORNING AT 9:30 


Shoreham, West Ballroom 


(B. J. MoyERr presiding) 


Mesons; Neutron-Electron Interaction 


S1. Gamma-Radiation Associated with the Stopping of 

~ Mesons in Lead.* A. FAFARMAN AND M. H. SHaAmos, 
New York University.—We wish to report on some prelimi- 
nary results of an experiment designed to study the gamma- 
radiation’ associated with the stopping of w~ mesons in ab- 
sorbers of high and intermediate Z. The gamma-ray pulse 
heights are recorded by a Nal(TI) scintillation spectrometer 
“C" (surrounded by anticoincidence G-M counters X;). 
Cosmic-ray mesons stopping in the absorber are selected by a 
counter telescope (AB) with 10-cm Pb filter and with anti- 
coincidence G-M counters X_: beneath the absorber. The 
resolving time for ABC coincidences at present is 0.9 usec. 
The (ABC—X) counting rate with Pb absorber is 0.25 +.04/hr, 
while the counting rate with no absorber is 0.09+.03/hr. At 
present, the minimum pulse height which the spectrometer 
records corresponds to an energy loss of ~1.5 Mev in the 
Nal(T1) crystal. Measurements are being made with Pb and 
Fe absorbers and with the spectrometer adjusted to record 
smaller pulse heights. The spectra and energies will be dis- 
cussed in relation to mesonic Bohr orbit transitions.* 

ee by the AEC. 


Y. Chang, Revs. Modern Phys. 21, 166 (1949). 
2 J. A. Wheeler, Revs. Modern Phys. 21, 133 (1949). 


S2. Range Distribution of u-Mesons from z-Meson 
Decays in Photographic Emulsions.* Greorce R. Waite, 
Iowa State College, anv W. F. Fry, Iowa State College and the 
University of Chicago.—The lengths of u-meson tracks from 
530 x-meson decays have been measured in one Ilford C-2 200 
micron emulsion, which had been exposed in a spiral orbit 
spectrometer to the Berkeley cyclotron.' The random experi- 
mental error in the measurement of the track lengths has been 
found to be less than 1 percent by repeated measurements of 
the same tracks. The range distribution of the u-mesons ap- 
pears to be Gaussian, with a standard deviation of 30 microns 
This width. is not inconsistent with the standard deviation 
expected from straggling. The data indicate that the main 
body of the range distribution is symmetrical. The mean 
length of the u-meson tracks is 598 microns. The probability 
of soft photon emission accompanying x-meson decay? is 
expected to be too small to affect the distribution curve for so 
few events. Possible corrections due to the thickness of the 
emulsion compared to the range of the u-mesons, decay in 
flight of the #x-mesons, and the vertical shrinkage of the 
emulsion have been considered. 

* Supported in part by a grant from the Research Corporation. 

+t AEC Postdoctoral Fellow. 

1R. Sagane and P. C. Giles, Phys. Rev. 81, 653 (1951). 


2H. Primakoff, Phys. Rev. 84, 1255 (1951); T. Eguchi, Phys. Rev. (to be 
published); Nakano, Nishimura, and Yamaguchi, private communication. 


$3. Photo Production of x°-Mesons from Deuterium. W. 
HEcKRoTTE, L. R. HENRICH, AND J. V. LEPorE, University of 
California, Berkeley.—Previously reported calculations' have 
been extended to include the total cross section for the photo 
production of x°-mesons from deuterium. It was pointed out 
that, because of interference effects, the experimental ratio 
of the deuterium cross section to that of hydrogen could lead 
to a determination of the relative signs of the neutral meson 
coupling constant for protons and neutrons. When the final 
state of the two nucleons is a deuteron, the ratio of total cross 
sections for gp>= —g, to that for g»=g, is about 28. When the 
unbound states of the two nucleons are included, this ratio is 


only about 2.6 in the region immediately above threshold. 
This change is brought about by the relatively large singlet 
state contribution which is proportional to (gpup—gaun)*, 
thus increasing the contribution for gp= gn. However, if one 
looks at the r°-mesons at 90° only, this ratio is increased to 17. 
The values of the deuterium to hydrogen total cross sections 
are 2.6 for g>=—gn and 0.9 for g,>= The experimental 
value for much higher gamma-ray energies is 1.94.2 The results 
of the calculation for higher energies will be reported. 


1 Heckrotte, Henrich, and Lepore, Phys. Rev. 85, 490 (1952). 
2 Silverman and Cocconi, Bull. Am. Phys. Soc. 27, No. 1, 27 (1952). 


S4. The Excitation Function for «* Mesons Produced in 
P—P Collisions. A. G. Scuutz, D. Hamutn, M. J. JAKosson, 
AND J. MERRITT, University of California, Berkeley.—The 
relative cross sections at one angle for the reaction p+p—>x* 
+d have been measured"? using the external proton beam of 
the Berkeley synchrocyclotron. The +* mesons produced at 
0°+5° to the beam direction are magnetically separated from 
the proton beam and detected by scintillation counters using a 
delayed coincidence between the x* and its wt decay.* A 
polyethylene-carbon difference is used to obtain the hydrogen 
contribution. In order to obtain protons of various energies 
below 340 Mev, lead absorbers are placed in the proton beam 
immediately ahead of the polyethylene and carbon targets. 
The x* contribution from the lead absorbers is automatically 
subtracted with the carbon contribution. At each proton 
energy the x* energy spectrum is scanned in the region of the 
characteristic peak attributed to the reaction given above and 
the relative dx/dQ is obtained by integrating over meson 
energy. The data obtained thus far agrees with an E! curve, 
where E is the meson kinetic energy in the center of mass 
system. The data joins smoothly with the data for higher 
proton energies is obtained from the inverse experiment and 
detailed balancing.* 


1 Cartwright, Richman, ent, and Wilcox, Phys. Rev. 78, 823 
(1950) and Phys. Rev. 81, 652 (1951 

3 Crawford, Crowe, and Seavenen, Phys. Rev. 82, 97 (1951). 

§ Jakobson, Schulz, and Steinberger, Phys. Rev. 81, 894 (1951). 

‘ Durbin, Loar, and Steinberger, Phys. Rev. 84, 581 (1951). 


SS. Unusual x—p Decays in Photographic Emulsions.* 
W. F. Fry,t University of Chicago.—A search has been made 
for unusual #— yw decays in C-2 and G-5 plates which had been 
exposed to the Berkeley and Chicago cyclotrons. Thirteen 
decays have been found with abnormal u-meson ranges among 
10,686 normal decays. The ranges in microns of the thirteen 
u-tracks are as follows: 975, 828, 476, 444, 260, 258, 470, 441, 
430, 416, 290, 185, and 120. The unusual ranges of the u-mesons 
of the first six events can be explained by decay in flight of the 
x-mesons. The grain density along the -tracks and the angles 
between the x- and y-tracks in the last events are inconsistent 
with the assumption of decay in flight of the x-mesons. Cor- 
recting for the thickness of the emulsions, the ratio of unusual 
to normal events is 2.8+1.210~* excluding events which 
can be decays in flight. The percentage of unusual events and 
the energy distribution of the u-mesons are in general agree- 
ment with the assumption of soft photon emission accompany- 
ing the decay. Short u-meson tracks from -decays have also 
been found by others. 

* Supported by a joint program of the ONR and AEC. The initial work 
was Lea ya at Iowa State College and supported by a grant from the 


Research Corporation 
tT AEC Festiactesat Fellow. 
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S6. x° Meson Production by 430-Mev Protons on Beryl- 
lium.* L. MARSHALL, J. MARSHALL, V. A. NEDZEL, AND S. 
Warsuaw, University of Chicago.—7x® decay gamma-rays were 
observed through a nearrow lead collimator in the forward 
direction from a beryllium target bombarded by the 450-Mev 
maximum energy internal proton beam of the 170-inch syn- 
chrocyclotron. The +° production cross section was measured 
both by means of a round pole pair spectrometer and by direct 
observation with a water-Cerenkov counter of the pairs pro- 
duced in a lead radiator. The proton beam intensity at the 
beryllium target was measured by the heating of the target. 
The differential photon production cross section was measured 
to be 3.4X10-*? cm*/sterad with the pair spectrometer and 
4.26 10-7 cm*/sterad with the Cerenkov telescope, from 
which one computes the w° cross section as 4.9 107-*7 cm? and 
6.74+1.5 X 10-*’ cm?, respectively. The pair spectrometer value 
is subject to errors in the cross section which may be as large 
as 50 percent because of uncertainties in the calculated effi- 
ciency of the round pole spectrometer, a function which varies 
rapidly with photon energy and geometry. 


* This work was supported in part by the ONR and AEC. 


S7. x° Meson Production by 430-Mev Protons on Hydro- 
ger.* J. MARSHALL, L. MARSHALL, V. A. NEDZEL, AND S. 
Warsuaw, University of Chicago.—An internal liquid hydro- 
gen target was bombarded with 450-Mev maximum energy 
protons with the 170-inch synchrocyclotron. Scattering from 
the median plane was used to deflect protons to the inside of 
the target and a collimator was so placed as to accept gamma- 
rays within a small solid angle in the forward direction from a 
definite area of the thin end windows of the target. A lead 
radiator—water Cerenkov counter detector was used, as in 
the previous abstract, to count the gammas. Proton currents 
were measured by radioactivation of aluminum foils. The 
differential photon production cross section was measured to 
be 0.21 10°-*? cm*/sterad. The r° production cross section is 
0.30+0.08 X 10-*7 cm?. There is a possibility that a part of the 
measured cross section may be due to gamma-rays produced 
by the capture of stray m~ mesons in the hydrogen. We 
believe the contribution from this source to be small but are 
engaged in a series of experiments to measure the size of the 
effect. The cross section given above should be considered as 
tentative until these experiments have been performed. 


* This work was supported in part by the ONR and AEC, 


S8. Elastic Scatting of Pions from Hydrogen and Deu- 
terium.* GrRsON GOLDHABER, Columbia University.— 
Elastic scattering events of 70-Mev x* and x~ mesons from 
hydrogen and deuterium were observed in photographic 


Tase I. Elastic scattering events with 70-Mev pions. 











No. of 
Elastic Total path No. of _ probable Cross 
scattering g/cm? events* events> section® mb 
a*+H 330+ 50 (hydrogen) 4 3 352415 
«+H 630 +100 (hydrogen) 0 1 2.5 
x~+D 400 +100 (deuterium) 2 0 17 








* Events satisfying conditions 1, 2, and 3. 

b Events satisfying conditions 1 and 2 with recoil particles leaving emul- 
sion 

© Probable events were counted as events in this cross-section estimate. 
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S11. Characteristics of Neutral Meson Production in Nucleon Collisions. B. J. Moyer, Univer- 


sity of California, Berkeley. (40 min.) 
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emulsions. The elastic scattering events, which are charac- 
terized by (1) co-planarity, (2) angular correlation, and (3) 
range of scattered particle (proton or deuteron, respectively) 
were observed in area scanning of the nuclear emulsions. Nor- 
mal Ilford G5 emulsions as well as HzO and D,O loaded emul- 
sions were used. The emulsions were exposed to the pion 
beams to the Nevis synchrocyclotron. The scanning of these 
plates is still in progress and preliminary results are presented 
in Table I. 


* This work has been assisted by the joint program of the ONR and AEC. 


S9. Neutrons from Capture of Slow Negative «-Mesons.* 
V. Coccont ToNGIORGI AND DonaLp A. Epwarps, Cornell 
University.—Measurements have been performed of the num- 
ber of neutrons of moderate energies (0.5 to 10 Mev) emitted 
by a nucleus in which a slow negative -meson has been cap- 
tured. The mesons (40 to 70 Mev) were produced by the 310- 
Mev bremsstrahlung radiation of the Cornell synchrotron 
impinging on a Be-target. The negative mesons were selected 
by double focusing magnets and stopped in absorbers of 
different Z. The neutrons were slowed down in paraffin and 
recorded by BF; counters. The data so far available indicate 
that for every x-meson captured in a Pb-nucleus, ~7 neu- 
trons with energies smaller than 10 Mev are produced on the 
average. In carbon the multiplicity of such neutrons is ~1. 
These data support the interpretation that the starless 
x-meson tracks observed in photographic emulsions are asso- 
ciated with emission of neutrons only. The high neutron 
multiplicity observed for Pb confirms that the excitation 
energy given to the nucleus by a x-meson is much larger than 
that given by a x-meson (¥,™2). The very low multiplicity 
of the neutrons recorded from carbon probably indicates that 
some of the neutrons emitted have energies too high to be 
recorded. 


* Supported by the ONR. 


S10. The Neutron-Electron Interaction.* J. A. HARvey, 
D. J. HuGues, anp M. D. GoLpBERG, Brookhaven National 
Laboratory.—The electrostatic neutron-electron interaction, 
caused by the dissociation of the neutron into a proton and a 
meson, has been measured by a mirror experiment. A well- 
collimated beam of neutrons was totally internally reflected 
from a bismuth mirror covered with liquid oxygen. From the 
critical angle for total reflection for graphite filtered neutrons 
and the coherent scattering amplitudes of bismuth and oxygen 
we determine the neutron-electron interaction. The liquid 
oxygen is used since it balances the nuclear scattering of 
bismuth almost completely, with the result that the critical 
angle is very sensitive to neutron-electron scattering. The free 
atom cross sections of bismuth and liquid oxygen were de- 
termined from transmission measurements with pile neutrons 
filtered through various thicknesses of cadmium and boron. 
Since the incoherent scattering cross sections of bismuth and 
oxygen are small, the coherent amplitudes follow directly from 
the free atom cross sections. The neutron-electron interaction 
can be represented by a potential well equal to the radius of 


electron and a depth only a few hundred volts greater than 


the magnetic interaction of 3900 volts. This difference, which 
is the electrostatic interaction between the neutron and the 
electron, is smaller than the predictions of meson theory. 


* Research carried out under contract with the AEC. 
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SATURDAY MORNING AT 9:30 


NBS, Materials and Testing 


(P. H. MILLER presiding) 


Invited Papers on Semi-Conductors and Silicon 


SAl. Surface Properties of Germanium. W. H. Brarrain, Bell Telephone Laboratories. (40 min.) 
SA2. Magnetism Due to Current Carriers and to Impurities in Semi-Conductors. G. Buscu, 


Swiss Institute of Technology. (40 min.) 


SA3. Germanium and Silicon Single Crystals. G. K. Tea, Bell Telephone Laboratories. (40 min.) 


SATURDAY MORNING AT 9:30 


NBS, East Building Lecture Room 


(J. B. Fisk presiding) 


Entropy and Information 


Tl. Entropy and Information. B. McMiLLan, Bell Telephone Laboratories. (45 min.) 
T2. Quantal and Non-Quantal Uncertainties. N. WieNER, MJ.7. (40 min.) 
T3. The Negentropy Principle of Information. L. Brittouin, Watson Laboratories of I.B.M. 


(30 min.) 


SATURDAY MORNING AT 10:00 


Wardman Park, Continental Room 


(F. RASETTI presiding) 


Neutron-Capture 


Ul. Total Cross Sections for High Energy Neutrons. 
VAUGHN CULLER AND R. W. WANIEK, Harvard University.— 
The total nuclear cross sections of carbon and hydrogen have 
been measured in good geometry with the neutron beam pro- 
duced from a }-in. beryllium target bombarded with 110-Mev 
protons of the Harvard 95-in. synchrocyclotron. The colli- 
mated neutron beam was first monitored by a scintillation 
counter telescope in triple coincidence and then passed through 
the absorber samples of the element under study. The attenu- 
ated beam went through a second collimator and impinged 
on a polyethylene scatterer. A five-crystal scintillation counter 
telescope arranged at 15° detected the scattered protons. By 
examining double, triple, fourfold, and fivefold coincidences, 
cross sections have been determined simultaneously for four 
energy bands. 


U2. Preliminary Investigations of Neutron Total Cross Sec- 
tions with the Oak Ridge National Laboratory Fast Chopper. 
G. S. PAWLICKI* AND E. C. Smitu, Oak Ridge National Labora- 
tory.—A neutron time of flight spectrometer has been oper- 
ated at a resolution of 1.2 u-sec/meter. The opaque zone of 
the shutter is formed by laminated plastic, with the slots 
defined by monel metal. The detector is a 1-atmosphere single 
BF; pulse ion chamber with a length of 12 inches and frontal 
area of 24 square inches. An 84-channel time-gated counting 
circuit is employed. The transmission of indium has been 
scanned down to 1 ev. Five resonances above 10 ev have been 
observed. Isotopic assignment is currently in progress. 


* Catholic University, ORINS Fellow. 


U3. Cross Section of Fe for Cold Neutrons.* H. PALEvsky 
AND D. J. HuGues, Brookhaven National Laboratory, AND 
R. R. Smita, Columbia University.—The neutron cross section 
of Fe has been measured in the region between 4-14A with 
the Brookhaven Slow Chopper, at sample temperatures of 
150, 295, and 450°K. The measured cross section is =a 
+[b+c(T)], that is, a constant (incoherent isotope scatter- 
ing) and a term proportional to wavelength (nuclear capture 
plus inelastic scattering). The cross section curves for various 
temperatures 7 give 0.42+0.02 barn for ‘‘a,”’ in exact agree- 
ment with the isotope-incoherent scattering calculated from 
the measured isotopic cross sections.’ The temperature de- 
pendent part of the cross section was found to be in good 
agreement with the calculations of Kleinman for the inelastic 
scattering of neutrons by crystals. The temperature inde- 
pendent part of the wavelength proportional term was found 
to be slightly larger than reported values of capture in iron. 
No. (100) reflection was found, even at low temperatures, as 
might be expected from the antiferromagnetic structure 
postulated by Zener. 


* Research carried out under contract with the AEC. 
1 Shull, Wollan, and Koehler, Phys. Rev. 84, 912 (1951). 


U4. Measurement of Total Neutron Cross Sections at 
Energies Between 3 and 12 Mev.* N. Nereson, Los Alamos 
Scientific Laboratory.—Total cross sections are measured as a 
function of neutron energy in the continuous spectrum of the 
neutron beam emerging from the Los Alamos fast reactor by 
using a neutron spectrometer as a detector. The spectrometer 
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consists of a parallel plate ionization chamber in which the 
energies of collimated recoil protons from a hydrogenous radia- 
tor are determined. A small proportional counter between the 
radiator and the chamber helps to identify the desired recoils 
and thereby to reduce background. An energy resolution of 
better than 10 percent has been achieved in the range of neu- 
tron energies from 2.5 to 12 Mev. The method has been tested 
by checking the exponential attenuation of neutron intensity 
in samples of various thicknesses and by measuring the (n, p) 
cross section at energies from 3 to 10 Mev. A comparison with 
better resolution measurements was carried out by measuring 
the cross sections of Be and C from 2.5 to 6 Mev. A peak in 
the cross section of C was found at about 8 Mev. The method 
should be useful for surveys of total cross sections at energies 
not readily accessible with sources giving neutrons of variable 
energy. 


* Work performed under the auspices of the AEC. 


US. Level Densities from Fast Neutron Capture.* R. C. 
Gartu, D. J. HuGHEs, anp J. S. Levin, Brookhaven National 
Laboratory.—The level density w in the compound nucleus 
can be calculated from the capture cross section for fast 
neutrons (1 Mev, where 'n>T 7) if the radiation width Ty is 
known: o =2”*X\*I'yw. Using the radiation width estimated 
by Heidmann and Bethe,' the fast cross sections previously 
reported,? and experimental neutron binding energies, the 
level density has been calculated for a number of nucle‘ at 
excitation energies about 8 Mev. The resulting level densities 
compare well with the statistical nuclear model for nonmagic 
nuclei. Neutron-magic nuclei, however, show a level spacing 
definitely larger than expected from the statistical model, 
even after correction for the difference (about 2 Mev) in ex- 
citation energy. Cross sections of the proton-magic tin iso- 
topes are now being measured. The thermal cross section for 
formation of the 10-minute Sn'5 is about one-third the re- 
ported values, and preliminary results for the fast cross sec- 
tions of several tin activities are in the 10-15 millibarn range. 

* Research carried out under contract with the AEC. 


1]. Heidmann and H. A. Bethe, Phys. Rev. 84, 274 (1951). 
2 Hughes, Garth, and Eggler, Phys. Rev. 84, 234 (1951). 


U6. Slow Neutron Resonances in In"* and In"’.* V. I 
SatLor, Brookhaven National Laboratory.—The total cross 
section of indium has been measured in the energy range 0.6 
ev to 30 ev using the BNL crystal spectrometer.! The resonant 
energies are as follows: 


Ins In"5 
4.69+0.03 ev 1.458+0.003 ev 
14.8+0.2 3.86 +0.02 
22-26 (two or more not resolved) 9.16 +0.05 
12.1 +0.1 


23.5 =+1.0(?). 


The large In"* resonance has been carefully measured several 
times using LiF and Be for the monochromating crystal. 
The results give Eo=1.458+0.003 ev. Isotopic assignments 
of the resonances listed in the table were made by using en- 
riched isotopes.? The assignments of the 3.86- and 9.16-ev 
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resonances were checked by activation of the fifty-four minute 
half-life of In™*, 
* Research performed under the pucntows of the AEC. 
1L. B. Borst and V. L. Sailor, Phys. Rev. 85, 711(A) (1952). 


2 The enriched samples were obtained on loan from the Isotope Research 
and Production Division of the AEC. 


U7. Neutron Resonances in Hafnium Isotopes and in 
Arsenic. S. P. Harris, Argonne National Laboratory and 
Illinois Institute of Technology, AND L. M. BOLLINGER, 
Argonne National Laboratory.—With the high speed mechani- 
cal neutron velocity selector,’ five of the six stable isotopes 
of hafnium** as oxides, and also normal hafnium oxide were 
examined for resonances. Resonances at 1.1, 2.3, 5.7, 6.4, 
and 7.6 ev were resolved in normal hafnium. The isotopic 
assignment of these resonances is as follows: 


Energy of resonance Isotope 
1.1 ev Hf!77 
2.3 Hf!77 
es Hf!?9 and probably also Hf!” 
6.4 Hf!77 
7.6 Hfi78 


In Hf!?? an additional weaker resonance is seen at 8.7 ev. 
Measurement of elemental arsenict gave results indicating a 
prominent resonance at 46+2 ev and a partially resolved 
group of resonances in the region 500-10,000 ev. There are 
indications ot a possible resonance at ~95 ev. Transmission 
curves will be shown for the above resonances. 

1W. Selove, Phys. Rev. 84, 869 (1951). 

2 Egelstaff and Taylor, Nature 167, 896 (1951). 


* Taylor, Anderson, and Havens, Science 114, 341 (195 
4S. P. Harris and A. S. Langsdorf, Jr., Phys. Rev. 74, 1216(A) (1948). 


U8. Internal Conversion of Neutron Capture -Rays. 
Cart T. Hispon anp C. O. MUEHLHAUSE, Argonne National 
Laboratory.—A constant magnetic field 180° film recording 
electron spectrograph was provided with a collimator for 
passing a neutron beam through the source position.’ In- 
ternal conversion lines of low energy capture y-rays for a 
number of samples were measured and are tabulated in 
Table I. Note that a cross-over transition in Dy is indicated. 























TABLE I. 
Compound 

nucleus Eg K Lit Liu M Ey 
aCe 72.8 26.8 99.6 
96.4 3.5 99.9 
551.0 26.8 577.8 
625m !50 300.0 46.9 346.9 
340.0 6.7 346.7 
406.5 46.9 453.4 
447.0 6.7 453.7 
Dy! 76.7 8.6 85.3 
77.5 78 85.3 

~82 ~2 ~84 
98.8 9.1 —L7(?) 107.9 
139.9 53.8 193.7 

sol ig? ~279 ~14 ~293 

~291 ~2 ~293 

1C. T. Hibdon and C. O. Muehlhause, Phys. Rev. 83, 235 (1951). 
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UA3. Neutron Scattering Experiments with the Rochester 130-Inch Cyclotron. A. RoBeErts, 
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UA4. The Scattering of Protons by Protons (I).* J. N. 
McGruer, D. E. FinpLey,f anp H. R. WortTHINGTON, 
University of Wisconsin.—The scattering of protons by pro- 
tons has been observed in the angular range from 6° to 45° 
(laboratory angles) and at several energies between 1.8 and 
4.2 Mev. Monoenergetic protons were incident upon a gas 
target and scattered protons were detected in a proportional 
counter, The primary purpose of this experiment was to 
improve the accuracy over that of previous work. In order 
to facilitate the accurate determination of geometrical quan- 
tities the scale of the equipment was large, the scattering 
chamber proper being 36-in. i.d. Elimination of the usual 
entrance foil by a differential pumping arrangement per- 
mitted collimation of the incident beam to a half-angle of 
6 min, and the use of a large aperture collector cup insured 
the collection of all but a negligible fraction of the incident 
beam. At least 200,000 counts were taken at each point, and 
the scattering gas was continuously monitored for the pres- 
ence of contaminants. With these precautions it was possible 
to assign a probable error of approximately +0.3 percent 
to the values obtained for the cross sections between 15° 
and 45°. 

* This work was supported in part by the Wisconsin Alumni Research 


Foundation and in part by the A 
t Now at North American Aviation, Inc., Downey, California. 


UAS. The Scattering of Protons by Frotons (II).* H. R. 
Wortuincton, D. E. Finpiey,t anp J. N. McGruer, Uni- 
versity of Wisconsin.—Proton-proton scattering measurements 
have been made with particular attention to the reduction 
of errors at small angles. The chamber for this purpose pro- 
vided an incident beam of 6-min half-angle and an analyzing 
slit system of 18-min half-angle. The slit dimensions were 
chosen in such a way that second-order errors in geometry 
were canceled independently of angle and energy. Three sets 
of slits of different sizes were used to provide information 
about slit-edge penetration. All spurious effects involving 
protons of improper energy were studied quantitatively in 
the counter. Gas contamination was monitored continuously, 
and multiple scattering effects were carefully investigated. 
By these means it was possible to extend the angular range 
to 6° in the laboratory system. Measurements were made at 
several energies between 1.8 Mev and 4.2 Mev. At all energies 
deviations from a pure S wave interaction were observed. 
The deviations in general were more than twice the magnitude 
of the experimental uncertainty. 


* Work supported in part by the Wisconsin Alumni Research Foundation 
and in part by the AEC 
t Now at North American Aviation, Inc., 


Downey, California. 


UA6. Scattering of Protons by Protons (III). J. L. PoweLt 
AND H. H. Hatt, University of Wisconsin.—The data of 
WMF' were subjected to conventional phase shift analysis. 
Early work during the course of the experiments established 
the presence of departures from S wave scattering. Detailed 
study showed that agreement with experiment could be 
attained by inclusion of a P wave contribution. No further 
improvement could be obtained by introduction of angular 
momenta higher than 1. Final values of S and P phase shifts 
were obtained by weighted least squares adjustment of Ko 
and K,, weights being assigned according to the experimental 
uncertainty at each point in the angular range from 6° to 
45°. The resultant theoretical cross section was found to fit 
the experimental data within a few tenths of 1 percent in 
every case. Experimental uncertainties were such that Ko 
was determined to within about +0.05°. Small negative P 
phase shifts, amounting to —0.1° at 3.9 Mev, were obtained. 
The uncertainties in K, were just sufficient to allow the ex- 
pected E energy dependence. Uncertainties in the least 
squares parameters were determined by normal propagation 
of the errors given by the experimenters. 


1 See previous abstract. 


UA7. Scattering of Protons by Protons (IV). H. H. Hatt 
AND J. L. Powet, University of Wisconsin.—The new in- 
formation provided by the above work has been interpreted 
in terms of static p—p interactions. The S wave results, 
analyzed from the point of view of the theory of effective 
range, agree with the older data.' An attempt has been made 
to account for the observed magnitude and sign of the P 
contribution in terms of conventional triplet interactions 
including Majorana exchange. The assumption of charge 
independence in triplet states allows the determination of 
potential parameters? except for exchange. The amount of 
exchange within the limits set by the present data is quite 
insensitive to choice of parameters, provided they are con- 
sistent with the properties of the deuteron. Several selections 
of parameters, based on the work of Feshbach and Schwinger,” 
lead to the conclusion that the effect of exchange is approxi- 
mately expressed by (0.35+-0.65P,). Preliminary estimates 
indicate that the numbers given above are determined by 
the present p—p data to within about +20 percent. Work is 
in progress to estimate the consequences of these conclusions 
at higher energy. 

1 Jackson and Blatt, Revs. Modern Phys. 22, 77 (1950); 


Hatcher, Phys. Rev. 78, 110 (1950). 
2 Feshbach and Schwinger, Phys. Rev. 84, 194 (1951). 
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UA8. p—p Scattering at 18.3 Mev.* J. L. YNTEMA AND 
M. G. Wutrte, Princeton University.—The differential cross 
section for-th2 scattering of protons by protons at 18.3+0.2 
Mev has been measured over the range 90° to 30° in the 
center-of-mass system. Polystyrene and polyethylene foils 
were used as scatterers, and the cross section was determined 
by counting coincidences between the scattered and recoil 
protons. The protons were detected by anthracene scintilla- 
tion counters. The coincidence circuit was of the shorted 
line type with a resolving time of 0.05 usec. The absolute 
probable error is estimated to be 1 percent at 90°. The rela- 
tive probable errors of the 80° to 30° points with respect to 
the 90° point vary from 0.7 percent to about 2 percent. The 
nuclear scattering does not appear to be spherically symmetric. 
The data will be compared with the potential proposed by 
Christian and Noyes.' 


* Assisted in part by the AEC and the Higgins Trust Fund. 
1R. S. Christian and H. P. Noyes, Phys. Rev. 79, 85 (1950). 


UA9. The Angular Distribution of Neutron-Proton Scatter- 
ing at 14 Mev. Wiit1aM G. Cross, Chalk River Laboratory.— 
The differential pulse-height distribution from a stilbene 
scintillation counter exposed to 14-Mev T—D neutrons is 
used to derive the energy distribution of recoil protons pro- 
duced in the crystal and hence their angular distribution. 
The relation for stilbene between pulse height and proton 
energy was measured with monoenergetic protons from the 
He*(d, p)He* reaction, the proton energy being varied by 
aluminum absorbers. Theoretical expressions were derived 
for the distortion of the proton spectrum by protons escaping 
from the crystal and by double scattering of the neutrons in 
it, and were verified by observing the changes in pulse-height 
distribution for crystals of various shapes and sizes. A crystal 
size was chosen which minimized the uncertainties resulting 
from these effects. Only the upper half of the proton energy 
spectrum was used (corresponding to neutrons scattered 
between 90° and 180° in c. m. system) and was spread over 
thirty channels of a differential pulse-height analyzer. Over 
this range the angular distribution was found to be uniform. 
Statistical errors were 1.5 percent per channel. The uncer- 
tainty in deiriving the angular distribution is at present +5 
percent but may be reduced to 3 percent by better measure- 
ment of the energy-pulse-height relation. 


POM OES CLARE ALLA AND 
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Theoretical Physics, Including Field Theory 


Vl. Matter-Matter Interaction Through Retarded Fields. 
FREDERIK J. BELINFANTE, Purdue University.—Expressing 
matter-matter interaction-through-fields in merely matter 
variables can in static approximation be done by substituting 
in half the field-matter interaction term of the Hamiltonian, 
the static approximation of the field generated by the matter. 
The “missing’’ half of the interaction energy is canceled by 
the static approximation of the field energy. Also in the rela- 
tivistic case, half the interaction energy is canceled but par- 
tially by perturbation of the matter energy (“recoil”). Yet 
don't simply substitute the retarded approximation. First, 
the fields in interaction representation should be split into 
creation and annihilation terms. Then, place all creation 
terms left and annihilation terms right of the matter factor 
in the interaction and express them by Fourier expansion in 
terms of the spatial field distribution. (Z.g., in quantum 
electrodynamics, G+) (x, t) as function of G(x’, t) and A(x’, t).) 
Only in the resulting expression substitute in Heisenberg 
representation the retarded solution. This yields the second- 
order interaction energy obtainable also by perturbation 
theory taking into account recoil of matter in virtual inter- 
mediate The validity of this method is proved using 
auxiliary conditions.! 


states. 


iF, J. Belinfante, Phys. Rev. 84, 644 (1951). 


V2. The Nonlinear Interaction of Scalar Fields. M. Dres- 
DEN, University of Kansas.—In most problems in field theory 
the coupling term between the different fields is nonlinear. 
To investigate the specific nonlinear features a simple model 
was examined. The system considered, consisted of two scalar 
real fields with a coupling term in the Lagrangian of the form 
gvi2¥2. The cubic term was motivated by the occurrence of 
that type of coupling in the Dirac- Maxwell case. In the course 
of the investigation it appeared useful to introduce an auxili- 
ary system with which the coupled system could be compared. 
The auxiliary system consisted of a single scalar field, it was 
described by the ordinary relativistic Lagrangian with a 
term g¥* added. The phase space methods used by Finkel- 
stein, LeLevier, and Ruderman! were applicable, with minor 
modifications, to the auxiliary problem. One obtains the 
result that singularity free, square integrable solutions of the 
classical field equation exist, provided a condition involving 
g is satisfied. The discussion of the coupled system follows 
the same general pattern as that of the auxiliary system. 
Since the phase space is four dimensional in this case, the geo- 
metrical discussion becomes more involved; the general con- 
clusions, however, remain much the same. 


! Finkelstein, LeLevier, and Ruderman, Phys. Rev. 83, 329 (1951). 


V3. On the Quantization of Interacting Gravitational, 
Electromagnetic and Electron Fields.* R. SKINNER AND A. 
ScuiLp, Carnegie Institute of Technology.—This paper is an 
extension of previous work’? on the quantization of the 
gravitational field of general relativity. The gravitational 
field is described by a quadruped of 4 vectors 4,‘ in terms of 
which the metric tensor can be defined by gy, =7(aa)hty(h,™, 
where nas) are the constant components of a Minkowski 
metric. The electromagnetic field variables are the potentials 
A,, and the electron field variables the Dirac spinors ¥ and 
v=yvly™; the Dirac matrices y‘“ are treated as constants. 
The momentum field variables are defined with respect to 


the family of 3-surfaces x‘=constant. The Hamiltonian of 
the three fields is obtained. It contains velocity terms which 
remain arbitrary and correspond to the 5-fold freedom in the 
choice of coordinates x* and of the electromagnetic gauge and 
to the 6-fold freedom in the choice of the quadruped A,‘® 
which can undergo arbitrary rigid rotations at each point 
of space time. The Hamiltonian is being examined to see 
whether it can be put into a form suitable for Fermi-Dirac 
quantization of the electron field. 


* Partially supported by the Flight Research Laboratory, U. S. Air Force. 
IF. A. 


. Pirani and A. Schild, Phys. Rev. 79, 986 (1950). 
?F. A. E. Pirani, D.Sc. thesis, Carnegie Institute of Technology (May. 
1951). 


V4. Radiation Force and Torque. HAROLD LEVINE AND 
JuLIaN ScHWINGER, Harvard University.—The force and 
torque on an object situated in a progressive wave field are 
related to the asymptotic scattering amplitude and therefore 
share its well-known stationary property. As an illustration 
consider plane sound waves impinging on a rigid disk. Let 
A(8, a) be the amplitude for scattering from an incident 
direction @ to the direction #, both angles measured from the 
disk normal. Then the time average normal force on the disk 
is F=2xpok cosa ImA (a, a) =}pok? cosac(a), and the time 
average torque about an axis perpendicular to the plane of 
incidence is T= 2po Re[0/d0A (3, a) ]y-a. In these equations 
po denotes the equilibrium density of the medium, k the mag- 
nitude of the wave vector, and o(a) the total scattering cross 
section for wave incident at the angle a. Application of the 
torque relation to a Rayleigh disk will be discussed. 


V5. Quantum Corrections to Classical Nonlinear Meson 
Theory. D. R. YENNIE,* Institute for Advanced Study.— 
Recently interest has arisen in the possibility of using non- 
linear meson fields to account for certain nuclear properties.' 
Such calculations treat the meson field classically by assuming 
that quantum fluctuations are negligible for large classical 
field strengths. To investigate this assumption, we consider 
a quantized theory with a nonlinear term \¢‘ in the Hamil- 
tonian. Using Schiff’s canonical transformation,? the Hamil- 
tonian becomes the sum of the classical energy and a quantum 
part with coefficients depending on the classical field. For the 
part of the Hamiltonian quadratic in the quantum field the 
definitions of the vacuum and the vacuum energy depend on 
the classical field which provides a potential for the quantized 
field. After subtracting certain renormalizations from this 
vacuum energy, a finite correction to the classical energy is 
obtained. With increasing field strength, the correction arising 
from this quasi-potential becomes increasingly important 
relative to the classicaly terms usually considered, contrary 
to general belief. Unfortunately, higher order corrections are 
harder to esimate and the present calculation serves only as 
an indication of the point at which quantum corrections be- 
come important. 

bs pintlenal Research tay 


. I. Schiff, Phys. 84. 1 (1951 
iC I. Schiff, Bull. ‘Asa: Phys. Soc. 27 No. 1, Abstract Y2. 


V6. Gauge Invariance and Classical Electrodynamics. 
Lioyp Motz, Columbia University—If one starts from the 
gauge invariant tensor Gu»=Agye+Fy», where \ is an in- 
variant function of a four-vector Ay, Zu» is the metric tensor, 
and Fy, is equal to curlA,, then (—|G,,|)#dr is the simplest 
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gauge invariant volume element that can be obtained. |G,,| 
is the determinant associated with G,,. In a Galilean system 
this determinant becomes —{(EXB)?+[\?+}(B*—E*)F 
— }(B*+ E*)*}, where E and B are identified with F,, in the 
usual way. If we take for the Lagrangian density of the elec- 
tromagnetic field the square root of the negative of this ex- 
pression, we obtain the rational expression {—y-(EXB) 
— ysl? +4 (B* — E*) ]—}iys(B*+E*)}, where y = (71, v2, v3), ¥4 
and ys=vyivzysys are the Dirac matrices. The space com- 
ponents of E and B are taken as four component column 
matrices. The usual variational principle leads to a set of 
linear Maxwell-Lorentz field equations for both positive and 
negative charge distributions which are defined in terms of 
the four-vector Ay. The velocity of the charge distribution is 
identical with that obtained from the usual retarded poten- 
tials for a point charge. For the static case the electrostatic 
potential is given as the solution of the equation V*¢=2A. 
For an appropriate choice of it is always possible to find a 
solution that is finite everywhere. 


V7. A Possible Convergent Solution of the Interaction Sttea 
Equation. JAcK HELLER, Cambridge University.—A_ solu- 
tion ¥, of the state equation which reflects the believed non- 
analytic behavior'~ of W at the value of the coupling con- 
stant a=0, is obtained by assuming a solution of the form 
Ww =BL+R where B has a branch point and L and R essen- 
tial singularities at a=0. L and R can be expanded about the 
origin in the coupling constant plane, if the essential singu- 
larity is isolated. Since B cannot be expanded about the origin, 
the assumed solution is then expanded in a Taylor series 
about a point ao#0. The expanded solution is substituted 
into the state equation and recurrence relations are found by 
the usual equating of powers. Although the recurrence rela- 
tions are very complex, two things can be inferred. (1) There 
must be an essential singularity at a= ©, and (2) the initial 
condition of noninteracting fields cannot be used, if the 
assumed solution exists. 

1C. A. Hurst, Trinity College (Cambridge) agen og 4 oom (1951). 

2 W. Sollfrey and G. Goertzel, Phys. Rev. 83, 1038 ( yee 


*V. F. Weisskopf, Det. Kgl. Danske. Videnskab. NSulckab. 
Medd. 14, 6 (1936). 


Vs. A Rational Relativistic Single Particle Theory. T. A. 
WELTON, Oak Ridge National Laboratory.—A simple descrip- 
tion of a single electron interaction with the radiation field 
has been developed, using as the starting point an obvious 
parameterization of the Dirac equation. At this level no pair 
production is possible, and only single electron processes can 
be calculated. No supplementary condition is used or re- 
quired, and obvious covariance is maintained at every step. 
The result for the free electron mass correction is identical in 
form with that given by Feynman. A parallel treatment for 
the scalar charged particle yields also a logarithmically di- 
vergent result. The radiative corrections to the scattering 
matrix are identical with those obtained by Feynman, ex- 
cept that the closed loop contributions do not appear. It in 
fact appears likely that the real virtue of this formalism lies 
in its derivation from a new point of view of the prescriptions 
given by Feynman. By use of this formalism it can easily be 
shown that the formal divergence of the mass correction is an 
artifact of the perturbation theory. It can further be rendered 
plausible that the mass correction is actually approximately 
equal to the unperturbed mass, without the introduction of 
any length in the theory aside from the Compton wavelength, 


V9. The Octupole Moment Interaction. W. A. NIEREN- 
BERG, University of California, Berkeley.*—The matrix ele- 
ments of the octupole interaction, diagonal in J and J, of 
two systems of angular momentum I and J can be found in 
several papers in the literature.' The various expressions are 
usually given as the eigenvalues of the operator (in an I+J 
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=F, F, representation). Unfortunately, no two of the expres- 
sions agree. It seemed reasonable, therefore, to recalculate 
the matrix elements by an entirely different method. The 
correct eigenvalues are given by 
O=C—407+ §C{ —37 (+1) J (J +1) 4+114+1) 

+J(J +1) +3} +4170 +) I(J+1) 


C=1(I+1)+J(J+1) —F(F+1). 


This expression agrees with that given by Kramers.' The 
method used to obtain this result is applicable to higher har- 
monics and is well suited to supplement Kramers’ results by 
the ease of numerical computation in the application to 
higher moments. In essence the method involves the spherical 
addition theorem applied to P;(cos@;;) and recognition of 
the fact that only the P/*(cos@;)P/(cos@zs) contribute to the 
diagonal matrix elements. The eigenvalues are then obtained 
by a suitable symmetrization of P;*(cos@;)P/(cos@;) and a 
“subtraction along the diagonal’’ process. 

* This research has been outated _ part by the ONR 

1H. A. Kramers, Proc. Roy. Acad. Amsterdam 34, 965 (1931). H. B. G. 


Casimir and G. Kaneman, Physica 9, 494 (1942). Davis, Jr., Nagle, and 
Zacharias, Phys. Rev. 76, 1068 (1949). 


V10. Multiple Compton Scattering of Low Energy Gamma- 
Radiation. R. C. O’Rourke, Naval Research Laboratory.— 
The transport equation for multiple Compton scattering of 
low energy (E<} Mev) gamma-radiation in infinite plane 
parallel media is set up by means of Marshak’s'! method of 
spherical harmonics. The basic problem to be solved is the 
broadening of an incident monochromatic spectral distribu- 
tion by multiple Compton scattering. The present approach 
eliminates many of the approximations used by the author in 
a previous paper.? Explicit expressions in the form of Fourier 
integrals have been obtained in the P; and P: approximations 
for a semi-infinite medium. A numerical investigation of these 
Fourier integrals and others for the finite medium is in prog- 
ress. Results for the semi-infinite medium will be presented. 


1R, C. Marshak, 
2R. C, O'Rourke, Phys. Rev. 


Phys. Rev. 71, 443 (1947). 
(to be published). 


V11. Configuration Interaction in Iron Group Elements.* 
N. ROSENZWEIG, Argonne National Laboratory.—The spec- 
scopic terms assigned to the odd configurations 3d*-*4s4p and 
3d"—'4p overlap considerably. Therefore, a theoretical treat- 
ment must frequently include a consideration of the matrix 
components of the electrostatic interaction between the two 
configurations. Accordingly, using Racah’s methods,’ the 
matrix components 


2 
[sar-tansitsts(SaLad4pscz| >» ~ 34a SaLetpSL] 
i<j 


have been expressed as linear combinations of the appropriate 
Slater integrals R*(3d3d, 3d4s), R*(4s4p, 4p3d), and R'(4s4p, 
3d4p). A relatively small set of tables containing coefficients 
suffices for the construction of (1) for all the combinations 
of the quantum numbers in the scheme. These tables will be 
published soon. 


* Work done partly as Ph.D. thesis, Cornell 1951. 
1G. Racah, Phys. Rev. 62, 438 (1942); 63, 367 (1943). 


V12. Outer Electron Structure and the Z Dependence of the 
X-ray K Level Values for Heavy Atoms.* J. E. Mack, Uni- 
versity of Wisconsin.—Ingelstam' has noticed and investigated 
inconclusively the broken-curve character of the K level 
Mosely diagram for the heavy elements (Z=50). In a modified 
Mosely diagram in which the ordinate is a linear function of 
(vpirae/R)* ~ (vore/R)*, where vpirne is the ionizing energy of a 
hydrogen-like atom calculated according to the Dirac theory, 
the curve may be approximated by a broken line in which 
the breaks are correlated with the beginnings of new outer 
shells, as in the well-known outer screening number plots of 
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Sommerfeld for the Z and M levels. If it were possible to 
calculate the K levels for screened electrons sufficiently 
accurately, the K levels of heavy atoms would make appro- 
priate material for detecting deviations (e.g., Lamb shift, 
finite nuclear size) from the simple Dirac relativistic model 
of the electron in an atom. 

* A detailed report will be submitted to Arkiv for Fysik for pantie. 


1E. Ingelstam, Nova Acta Regial Soc. Sci. Upsaliensis IV, . No. 
(1937); especisz ally, Fig. 25 and pp. 97-99, 


V13. On a Relation between Phase-Shifts and Energy 
Levels. P. Weiss, General Electric Company.—In the theory 
of scattering by an attractive central field, the number of 
bound states in general equals the number of half-cycles 
through which the phase-shift varies as the energy varies 
from infinity to zero.' For simplicity take the case of S scat- 
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tering. Then this relationship is easily proved by the use of 
the Jost function** f(&) which is the limit for r-0 of that 
solution of the equation (d*u/dr*)+(k*—V(r))u=0, r>0, 
V(r) <0, which for large values of r behaves asymptotically 
like e~**r, Jost has shown that the amplitude of f(z) is the 
phase-shift. A standard theorem of analytic function theory* 
states that the amplitude variation round a closed curve C 
of a function analytic inside C is 2 times the number of 
zeros of the function inside C. Apply this theorem to f(k) 
as a function of the complex energy parameter k, the curve C 
being the infinite semicircle of the lower & half-plane. One 
can show that all the zeros of f() lie on the imaginary axis 
and the result follows. 

1 Mott and Massey, Atomic Collisions, second edition, 31 (1949). 

?R. Jost, Helv. Phys. Acta 20, 256 (1947). 


3V. Bargmann, Revs. Modern Phys. 21, 488 (1949). 
+E. C. Titchmarsh, The Theory of Functions (1939), second edition, p. 116, 





SATURDAY MORNING AT 9:30 


Shoreham, 


Terrace Room 


(E. BriGHT WILSON presiding) 


Nuclear Magnetic Resonance; Microwave Spectra 


Nuclear Resonance Spectrum of a System of Four 
Nuclei. R. BeRsoun, Cornell University.—The nuclear reso- 
nance absorption spectrum of several powdered ammonium 
salts has been measured, and the dimensions of the tetra- 
hedral ammonium ion were determined from the second mo- 
ments of the absorption curves.' Idealizing the solid as a 
collection of independent systems of four equidistant dipoles 
enables the line shape to be calculated. Unfortunately, a 
cubic and a quartic secular equation must be solved unless 
the external magnetic field coincides with a two or a threefold 
symmetry axis of the tetrahedron or a tetrahedral edge in 
which case only quadratics need be solved. The principal 
results are (1) a qualitative agreement with the observed line 
shape, and (2) a prediction of the line shape anisotropy to be 
expected in a single crystal. In particular the nuclear reso- 
nance absorption study of a single crystal of an ammonium 
halide can determine the randomness of orientation of the 
ammonium ions, barring the existence of domains. 


VAI. 


1H. S. Gutowsky and G. E, Pake, J. Chem. Phys. 16, 1164 (1948); 17 


972 (1949). 


VA2. Broadening of Magnetic Resonance Lines in Metals 
by Spin-Lattice Interactions.* H. S. Gutowsky AnD B. R. 
McGarvey, University of Illinois—Nuclear magnetic reso- 
nance line shapes and widths, their temperature dependence, 
and the conduction electron shifts! in resonance frequency 
are reported for the metals lithium, sodium, rubidium, cesium, 
aluminum, copper, and gallium. The absorption lines in most 
of these metals are broader than predicted for nuclear mag- 
netic dipolar broadening alone.? We propose that the mecha- 
nism responsible for most, if not all, of this additional broaden- 
ing is the interaction between the nuclear spins and the 
conduction electrons, which also determines the spin-lattice 
relaxation time. Spin-lattice relaxation times 7); are estimated 
from the nondipolar broadening of the experimental absorp- 
tion lines. These 7, values compare favorably with available 
directly measured values and with approximate 7, values 
obtained by Korringa’s theory’ from the measured resonance 
shifts. In the case of lithium a dipolar line-wdith transition 
was observed at 255°K; this transition results from self- 








diffusion, for which we determine an activation energy of 
9.8+1 kcal/mole. 

* Supported in part by the ONR. 

1W. D. Knight, Phys. Rev. 76, 1259 (1949). 


2H. S. Gutowsky, Phys. Rev. 83, 1073 (1951). 
3 J. Korringa, Physica 16, 601 (1950). 


VA3. The Microwave Spectrum of C;H,;Br.* A. H. NETHER- 
cot, A. JAVAN, AND C. H. Townes, Columbia University.— 
The spectrum of the molecule 1-bromo, bicyclo [2, 2, 2] 
octane! is that of a symmetric top. Absorption bands have 
been studied for the transitions originating from the levels 
J=5, 15, 16, and 17. The half-width of these unresolved 
bands is approximately 20 Mc. The B values are 718.85+0.07 
and 726.20+0.07 Mc for the two isotopes. The observed fre- 


quencies, which indicate no appreciable centrifugal dis. 
tortion, are 
Br® 8627.5 22,997 24,441 25,882 
Br? 8716.5 23,231 24,691 26,146. 


Assuming the C—Br distance to be 1.939A, the C—H dis- 
tance 1.10A, and all angles tetrahedral, the calculated B 
values indicate either that the C —C distance is 1.555+0.003A 
and the molecule is not twisted or that it is 1.573A, the infra- 
red value for ethane,? and the average angle at which the 
upper four carbon atoms are twisted is ~11.3°. This distance 
is in either case greater than 1.542. 

* Work supported jointly by the Signal Corps and ONR. 

1 This molecule was synthesized and kindly made available for this 
investigation by Professor W. B ices and A. Sayigh, Department of 


Cc hemistry, Columbia Universit 
. G. Smith and W. M. Weodweid: Phys. Rev. 61, 386 (1942). 


VA4. The Microwave Spectrum of Nitryl Fluoride. D. F. 
SmitH AND D. W. MaGnuson, Carbide and Carbon Chemicals 
Company.—Eight lines in the microwave spectrum of NO.F 
have been identified. The absence of transitions between 
levels of nuclear species ‘‘a"’ show that NO,F is a planar mole- 
cule with a C2, axis. The moments of inertia (in atomic mass 
units Angstroms?) I, =38.28, I,=44.159, and I, =82.5%, are 
in accord with this since I.—J,—I,=0.145. If the ONO angle 
is assumed to be 125°, the NF distance is 1.35A and the NO 
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distance is 1.23A. The dipole moment is 0.47 Debye unit. 
The hyperfine structure has been incompletely resolved for 
only two transitions. These splittings give only approximate 
values of the quadrupole coupling coefficients. These are 
Xae=0.7 mc/sec, x» =1.5 mc/sec, and xee= — 2.2 mc/sec. 


VAS. Microwave Spectrum of Methylene Fluoride.* D. R. 
Live, Jr.,t Harvard University —Approximately thirty-five 
lines in the microwave rotational spectrum of the slightly 
asymmetric rotor CHF; have been observed in the 17,000 
to 32,000 mc region. The most prominent feature of the spec- 
trum is a series of close doublets which result from the asym- 
metry splitting of levels of high J and K which are degenerate 
in the limiting prolate symmetric rotor. The application of the 
Wang splitting formula to this series, together with Stark 
effect measurements on several low J lines, has led to a com- 
plete analysis of the spectrum. The rotational constants a, 
b, c are 49,138 mc, 10,604 mc, and 9249 me, respectively. 
With the aid of one line of C'8H.F:2, found in natural abun- 
dance, the four structural parameters of the molecule have 
been determined. Preliminary values are ror=1.36A, rou 
=1.09A, ZFCF=108°, zHCH=112°. The dipole moment 
was calculated from the Stark effect of the 2:23 transition 
to be 1.93 Debye units. The structural parameters of CH2F: 
will be discussed in relation to similar molecules. 


* Supported in part by the ONR. 
t Standard Oil of California Predoctoral Fellow. 


VA6. Microwave Spectrum of MnO,F.* A. Javan, Colum- 
bia University, AND A. V. Grosse, Temple University.—The 
symmetric top molecule MnO;F has been prepared and the 
J =2-3 transition observed in the microwave region. The 
The quadrupole hfs confirms a spin of 5/2 for Mn and gives 
a quadrupole coupling constant of +16.8 mc. The B value 
for the molecule is 4129.11 mc. Because O"* has zero spin and 
the molecule has C3, symmetry only levels with & a multiple 
of 3 can occur in the ground state. In excited degenerate 
vibrational states, however, levels satisfying the condition 
k—1 equals a multiple of 3 can occur and are observed. Three 
excited vibrational states with the following values of a have 
been detected: --12.8, 5.8 and 7.77 mc. The first two are 
due to degenerate excited states and undergo an /-type 
doubling splitting. The values of the /-type doubling con- 
stants are 14.6 and 8.64 mc. The authors wish to thank 
Professor C. H. Townes for many helpful discussions on this 
problem. 


* Work supported by AEC. 


VA7. Pressure Broadening of O,'* Lines in the Millimeter 
Wavelength Region.* J. O. ARTMAN AND J. P. GorpDon, 
Columbia University.—A large nonresonant cavity has been 
used to investigate self-broadening of O; lines in the 5 mm 
wavelength region. O2—N:2 cross sections were determined by 
the decrease in line intensity upon addition of N». Individual 
O: lines were observed at pressures of several mm Hg; ab- 
sorption of O2 in air at atmospheric pressure was also meas- 
ured, The average value of the line-breadth parameter Av/P 
for lines of rotational quantum number K=3 to K=13 is 
1.9 mc/mm Hg. A slight decrease of line breadth with in- 
creasing K is apparent. From individual O; line measure- 
ments the N:—Oz: broadening effect is reasonably constant 
at 0.9 of the self-broadening parameter. The observed O2 
half-widths can be expressed as the sum of a K-independent 
short range force contribution of 1.31 mc/mm Hg and a 
polarizibility interaction’ calculable from known molecular 
constants. The short-range force contribution corresponds to 
the viscosity-heat conduction collision frequency. O2 molecular 
quadrupole interaction broadening appears to be negligible. 
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No evidence has been found for the peak in Av/P at K=7 
observed by Anderson.* 
* Work supported jointly by the Signal Corps and ONR 


1 P. W. Anderson, thesis, Harvard University, Cambridge. (1948). 
? Anderson, Smith, and Gordy, Phys. Rev. 82, 264 (1951). 


VA8. Variation of Collision Diameters with Mix Ratio in 
Binary Mixtures in Microwave Pressure Broadening. L. C. 
Jones, A. V. Busaxovircn, C. A. PoTTrer, anp A. G. Rouse, 
Saint Louis University —It has been previously found! that 
collision diameters of foreign perturbers determined from 
pressure broadening of ammonia microwave absorption lines 
vary with mix ratio. Extensive measurement of the collision 
diameters of oxygen and helium in binary mixtures with 
ammonia have now been made using gas mixtures that were 
chemically analyzed at various pressures to correct the mix 
ratio. The variation with mix ratio was again observed. A 
least-squares reduction of the data gave the following results 
for the variation of collision diameters measured in angstroms: 
oxygen: 6:2=4.79—8.53X10-* (percent O:), and helium: 
bi2 =2.46—3.18X 107? (percent He). 


1 Potter, Bushkovitch, and Rouse, Phys. Rev. 83, 987 (1951). 


VA9. Pure Quadrupole Spectra of Solid Chloroacetic Acids 
and Substituted Chloroacetic Acids.* H. C. ALLEN, JR., 
Harvard University—Using a frequency modulated super- 
regenerative spectrometer similar to that used by Dean and 
Pound,' the pure quadrupole spectrum of Cl** has been meas- 
ured in CH,CICOOH, CHCI,COOH, CCI,;COOH, CCI;CH 
(OH)2, CCl;CONHs, and CCl;COCI. In each of these com- 
pounds multiple lines were observed. In all but CCl;COCI, 
these lines were closely spaced and presumably arise from 
crystallographically nonequivalent chlorines.? In CCl,;COCI, a 
group of lines was observed near 40 mc due to the trichloro- 
methyl group, and a single line due to the more ionically 
bonded acid chlorine near 34 mc. Where feasible the tempera- 
ture dependence of the observed lines has been measured and 
the frequencies extrapolated to 0°K to minimize lattice 
effects. The spectra have tentatively been interpreted in 
terms of molecular bonding. From the frequencies, the ap- 
parent electron withdrawal effect of the groups observed in- 
creases in the following order: —CH(OH):, —CONH:, 
—COOH, —COCI. 


* 4 by the ONR. 

t AEC Postdoctoral Fellow. 

1 R. V. Pound, J. Chem. 
H. G. Dehmelt, Naturwiss. 17, 398 (19. 


1C. Dean anc i 20, 195 (1952). 
50). 


VA10. Anomalous Wavetypes in Waveguides Containing 
Ferromagnetics.* A. A. Tu. M. vAN Trier, Columbia Uni- 
versity and Physisch Laboratorium R. V. O.—T. N. O., Waals- 
dorp, Holland.—Ferromagnetic resonance experiments are 
often done by means of a wave guide technique which is 
standard for measurements on isotropic materials. A slab of 
the material under investigation is placed across the guide and 
backed in turn by a shorting plate and a quarter-wavelength 
guide. From the two measured input impedances of the slab 
one is able to derive the values of the complex ¢ and j. How- 
ever, in ferromagnetic resonance experiments the effects of 
the induced anisotropy on the wave propagation seem to have 
been overlooked. The TEo,, wave pattern is different from 
the pattern which exists in isotropic media. This anomalous 
wave type and a peculiar boundary value problem which 
arises from it will be discussed. An infinite series of TEo,» 
waves must be assumed in both reflection and transmission. 
The error introduced by neglecting the difference in wave 
propagation through isotropic and anisotropic media and 
some numerical data will be given for a typical case. 


* Work partly supported by the Signal Corps and ONR. 
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VALI. Field Expansions in Loss-Free Microwave Junctions. 
T. TEICHMANN AND E, P. WIGNER, Princeton University. 
It is found that the short-circuit modes of a loss-free micro- 
wave junction, satisfying the boundary conditions Erangentiai = 0 
on the surface of the junction and over the (wave guide) 
openings, are not complete with respect to the fields which 
may be excited through these openings. It is necessary either 
to expand in terms of modes satisfying more realistic boundary 
conditions on the opening (i.e., impedance conditions, relating 
the tangential components of EZ and H over the openings) or 
to add an additional irrotational magnetic field. The first 
method leads to an admittance matrix (relating the trans- 
verse and longitudinal components of the fields in the open- 
ings) which is a linear fractional transform of a matrix of the 
type usually assumed, while the second approach yields a 
simpler effect in the form of another matrix to be added to 
the original one. The two final matrices are, of course, equiva- 
lent. The additional magnetic field may be expressed in 
terms of the normal component of H over the openings by 
means of the Neumann function of the cavity, and it can then 
be shown that the additive matrix resulting from the irrota- 
tional H becomes diagonal if the openings are suitably dis- 
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placed down the guides. It has nonzero elements only for 
magnetic guide modes. 


VA12. The Nuclear Quadrupole Moment of TA'. B. M. 
Brown, Cornell University—The nuclear quadrupole mo- 
ment of Ta"! was estimated from the results of hyperfine- 
structure measurements of the ground state ®F,; of Tall. The 
most reliable value of the quadrupole coefficient B for the 
5F, state was determined by measurements of the two lines 
3042.06 (36987.73,—P») and 2702.80 (36987.73,-5F,). 
The splitting of the level 36987.73, was determined from 
measurements of the first line, and this splitting and that 
observed for the second were used to obtain the 5; intervals. 
B(®F;) was found to be 0.77 10-* cm™. The structure and 
results from two other lines will be discussed. The quadrupole 
moment was calculated by the Casimir! formula with the 
result g=5.9X 10-* cm?. This result is in good agreement with 
that obtained by Schmidt? (6.4X10-* cm*) from the ‘Fy 
level of Tal. 

1H. B. G. Casimir, “On the Interaction between Atomic Nuclei and 
Electrons,” prize essay published by Teylers Tweede Genootschap 11, 


(Haarlem, 1936). 
2 T. Schmidt, Z. Physik 121, 63 (1943). 





SATURDAY AFTERNOON AT 2:00 


Shoreham, Terrace Room 


(S. MILLMAN presiding) 


Molecular-Beam Experiments; Paramagnetic Resonance 


WI. On the Anomalous Spin Gyromagnetic Ratio of the 
Electron.* J. G. Kinc, AND V. Jaccartno, M.I.T.—The 
anomalous spin gyromagnetic ratio of the electron has been 
obtained from observations of the Zeeman effect of the hyper- 
fine structure interaction in the Py and Py states of atomic 
Cl, using the interaction constants previously determined 
by the authors.'! From 8 independent measurements of the 
atomic gy values in fields up to 500 gauss a mean value of 
gs =2 (1.00121 +0.00010) was computed. This value of gs for 
a closed shell minus an electron agrees with both theoretical* 
and experimental* values obtained for a closed shell plus an 
electron. 


* This work has been supported in part by the Signal Corps, the Air 
Materiel Command, and the ONR. 

1 Jacearino and King, Phys. Rev. 83, 471 (1950). King and Jaccarino, 
Phys. Rev. 84, 852 (1951). 

2? Schwinger, Phys. Rev. 73, 416 (1948). 

5 Koenig, Prodell, and Kusch, Phys. Rev. 83, 687 (1951). 


W2. Electron Spin Gyromagnetic Ratio in Atomic Hydrogen.* 
R. BERINGER AND E, B. Rawson,t Yale University—The 
transitions (My=}—-—4, M:=4}-}) and (Ms=}->-}, 
M,=—4->—}) have been observed in a microwave magnetic 
resonance absorption experiment. Atomic hydrogen is pro- 
duced in a Wood discharge tube and pumped through a quartz 
tube which passes through a resonant cavity in a magnetic 
field. At 8850 Mc/sec the transitions are resonant at about 
3400 and 2870 gauss. The signals are observed as in our earlier 
work with paramagnetic gases. The experiment measures the 
spin gyromagnetic ratio in the same way as in the precision 
atomic beam experiment of Koenig, Prodell, and Kusch. 
The ratio gz (hydrogen) to g; (proton) is measured in terms 
of the microwave cavity frequency, the proton resonance 
frequency in water at the resonant magnetic field, and the 
zero field hyperfine separation ; and the result of Gardner and 
Purcell is used to deduce the anomalous spin gyromagnetic 





ratio. Analysis of our experiment indicates that limitations 
on precision due to collision and doppler width, field inhomo- 
geneity, field instability, and frequency instability at micro- 
wave and proton frequencies will not exceed five parts in a 
million. Our progress to date in achieving this precision will 
be discussed. 


* Assisted by the ONR. 
t AEC Predoctoral Fellow. 


W3. Lamb Shift in Ionized Helium.* J. G. HiRscHBERG, JR., 
University of Wisconsin.—The investigation of the Lamb- 
shift of the m=3 and n=4 levels of ionized helium at the 
University of Wisconsin is reviewed.'? The final method of 
measurement is described and results presented. The previous 
method of isolating the interesting faint component with a 
knife-edge has been abandoned, eliminating the danger of 
disturbing the intensity distribution. Instead, the primary 
dispersion has been increased, allowing clear separation of 
the components so that a knife-edge is unnecessary. 

* Supported by the ONR 

1J.E 


. E. Mack and N. Austern, Phys. Rev. 72, 972 (1947). 
2 J. G. Hirschberg and J. E. Mack, Phys. Rev. 77, 745 (1950). 


W4. Precision Measurements of the hfs of Rb** and Rb*’.* 
B. BEDERSON AND V. Jaccarino, M.I.7.—Using an atomic 
beam method we have obtained high precision measurements 
of the Rb** and Rb*’ hfs interaction energies (hAv). The 
first-order field independent transitions (F=3, mp =0«>F=2, 
mp =0) and (F=2, mr=0¢>F=1, mr=0) for Rb** and Rb*, 
respectively, were observed in a magnetic field of approxi- 
mately 0.4 gauss and when corrected to zero field yield the 
following values: Av(Rb**) =3035.735+0.002 Mc/sec and 
Av(Rb*?) = 6834.7005 +0.0011 Mc/sec. The above transitions 
were positively identified by observing the frequencies and 
widths of all allowed AF = +1 transitions. Factors influencing 
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the ultimate accuracy of Av determinations (Doppler broaden- 
ing, resonance widths, stability of rf sources, frequency meas- 
urement techniques, etc.) will be discussed and a comparison 
made of the above data with recent high field measurements.! 
The results of more accurate measurements will be given at 
this time. 

* This work has been supported in part by the Signa! Corps, the Air 


Materiel Command, and ON 
1S. Ochs and P. Kusch, Phys. Rev. 85, 145 (1952). 


WS. Zeeman Effect of Neon in Metastable *P, State; 
Evidence for Zero Spin of »Ne*.* G. Wernreicu,t G. 
TuckER,{ AND V. HuGHEs, Columbia University.—The gyro- 
magnetic ratio of neon (;oNe®) in the metastable *P2 state 
has been measured by the atomic beam magnetic resonance 
method at several magnetic fields with the primary objective 
of obtaining evidence as to whether the spin of :oNe*® is zero. 
The metastable neon atoms were produced in a discharge tube 
and detected by electron ejection from a wire.'? The results 
are: gy(Ne, *P2)=1.50140.001 at 522 gauss and 1.50+5 
percent at 0.5 and 1.2 gauss. These agree with optical measure- 
ments by Back* at magnetic fields ~30,000 gauss. The linearity 
of the Zeeman pattern, particularly at low fields, and the 
absence of line splitting confirm the expected absence of hfs 
(<250 kc/sec). Hence, the nuclear magnetic moment of 
1oNe®* could be no more than ~2.10~* nm which is strong 
evidence that the spin is zero. The ability to produce and 
detect the metastable states of the rare gases make possible 
the measurement of their nuclear spins and hfs splittings by 
the atomic beam magnetic resonance method. 

* This research was suppogted in part by the OWR. 

t AEC Predoctoral Fellow. 

I RCA Predoctoral Fellow, Columbia University, 1950-1951, 

1V. Hughes and G. Tucker, Phys. Rev. 82, 322 (1951). 

2? Tucker, Hughes, Rhoderick, and Los ogee Abstract U7 of February 


1952, Maing of American Physical Society 
. Back, Ann. Physik 76, 317 (1925). 


W6. Radiofrequency Spectroscopy of Deuterium.* R. G. 
BARNES AND P. J. Bray, Harvard University.—Experiments 
in magnetic fields of 1900, 3500, and 5100 gauss with the 
Harvard molecular beam apparatus using the Ramsey sepa- 
rated rf technique permit more accurate evaluation of the 
rotational-to-nuclear magnetic moment ratio in Dz in the 
first rotational state. Using the transitions m; =0, my =0—-+1 
whose frequencies are independent of diamagnetic shielding 
of the nuclei, the value obtained is hRp/(1 —op) up = 0.516550 
+0.000016, where op is the diamagnetic shielding correction 
for up.! Comparison with He gives? wRa/uRp=1.993532 
+0.000096 whereas the mass-ratio Mp/My =1.998464. Dif- 
ferent zero-point vibrational amplitudes probably account for 
the discrepancy.*? These same experiments also measure the 
dependence of the diamagnetic susceptibility upon the ori- 
entation of the molecular angular momentum. The quantity 
t;—f> has the value —(3.4740.41) and —(3.49+0.13) 
X< 10 ergs gauss~? in external fields of 3500 and 5100 gauss, 
respectively. These agree with the value previously obtained 


for H:2 


* Supported by the joint program of - ONR and AEC. 
IN. F. S51). 


amsey, Phys. Rev. 83, 540 (19. 
? Harrick, Barnes, and Bray, Phys. Rev. Pe ae 
* Private conversation with Professor N. F. Ramse: 


W7. Magnetic Moment Ratios in Hydrogen-Like Mole- 
cules.* P. J. Bray, R. G. BaRNes, AND N. J. HARRICK, 
Harvard University—More accurate measurements of the 
ratio of the H: rotational moment to the D2 nuclear moment 
have been made in the molecular beam apparatus. Measure- 
ments in the 1800-gauss region yield 1.029014+0.000027 for 
the ratio of the H.J=0, J=2 resonance frequency to the 
D.J =2, J =0 resonance frequency measured in the same mag- 
netic field. The difference between this value and the 1.029759 
+0.000017 value for the H2J=1, J=1 case probably arises 
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from internuclear spacing differences caused by different 
centrifugal forces. Both ratios contain a deuterium nuclear 
shielding factor (1—ep) in the denominator. Comparison of 
molecular beam ratio measurements with the same ratios 
obtained by nuclear induction and absorption methods is 
worthwhile, since the former involve no averaging over mole- 
cules which undergo collisions. The molecular beam ratio of 
the J=0 H in HD resonance to the J=2, J=0 Dz: resonance 
is 3.257207+0.000025. This agrees with the best induction 
proton-to-deuteron nuclear moment ratio. 

* This work supported by the ONR and ane. 

1N. F. Ramsey, Phys. Rev. 58, 226 (194 


§ Harrick. Barnes, and Bray, Phys. re a be published). 
+N. F. Ramsey, Phys. Rev. 83, 540 (19 


W8. Paramagnetic Resonance in Uranium Salts.* S. N. 
Guosn, WALTER Gorpy, AND D. G. Hitt, Duke University.— 
Paramagnetic resonance at microwave frequencies has been 
observed in the uranium salts UF; and UF, in powder form. 
While at room temperature the resonances are very broad 
and weak, they become significantly stronger and sharper 
at the temperature of liquid air. The g factors were found to 
be 2.4 for each salt. 


* This research was sponsored by the Air Force Cambridge Research 
Laboratories. 


W9. The Paramagnetic Saturation of Iron Ammonium Alum. 
W. E. Henry, Naval Research Laboratory.—A previous ex- 
periment! has shown that for the trivalent chromium ion in 
potassium chrome alum, the conditions of space quantization 
of dipoles and the quenching of orbital angular momentum 
of the ‘Fy;2 state of Cr*** are fulfilled. There appeared to 
be, however, for Cr***, a small systematic departure of the 
magnetic moment (about 3 percent) from the Brillouin 
function. We have carried out similar experiments with iron 
ammonium alum in which Fe*** is in a ®Ss;2 ground state, to 
see whether or not incomplete quenching is a possible cause 
of the deviation. We find a similar departure from the Brillouin 
function for iron ammonium alum, which may be attributable 
to interaction of the crystalline electric field? with the para- 
magnetic ions. For the highest value of H/T, corresponding 
to 1.32°K and 52,000 gauss, a 99.64 percent saturation is 
achieved for iron ammonium alum. 

1W. E. Henry, Bull, Am. Phys. Soc. 27, 53 (1952) and Letter to the 
a Phys. Rev. (to be published). 
s. Rev. 73, 16 (1948); J. H. van 


Kittel and J. M. Luttinger, Phy 
Vieck and W. G. Penney, Phil. Mag. 17, 961 (1934). 


W10. The Crystalline Stark Effect and the Zeeman Effect 
in Vanadous Tutton Salts. W. W. Wapa, Naval Research 
Laboratory.—Under the assumption that a weak electric 
field of rhombic symmetry is superposed upon a strong field 
of cubic symmetry, the Stark splitting of the ‘F state and 
Zeeman splitting of the ground state without free spin as- 
sumption have been calculated. It was found that the axial 
field assumption was not adequate to account for the experi- 
mental results, whereas the rhombic field assumption gave 
the magnetic energy levels that were consistent with the 
experimental results.! Some of the electric field parameters 
were determined from the experimental results, and the term 
values of V(NH,)2(SO,)2-6H2O under the rhombic field were 
computed. 

1 Bleaney, Ingram, and Scovil, Proc. Phys. Soc. (London) 64, 39 (1951). 


Wil. Paramagnetic Resonance in Phosphors.* W. D. 
HERSHBERGER AND H. N. LeErrer, University of California, 
Los Angeles.—Paramagnetic studies at 9375 mc have been 
made on some twenty inorganic phosphors.! The sample is 
contained in a transmission cavity with a Q of 15,000 and 
the paramagnetic spectrum is obtained by a sweeping tech- 
nique which yields the derivative of the absorption curve. 
The specimen in the cavity may be illuminated by ultra- 
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violet light for observations on its spectrum under these 
conditions. Four phosphors, under condition of no illumina- 
tion, display line spectra attributed to the manganese ion 
used as an activator. The simplest spectra, consisting of six 
lines seven gauss wide and spaced about 65 gauss apart, 
are obtained with cubic ZnS and cubic ZnAl,QO,. A more 
complicated 30-line spectrum? is found for Mn in hexagonal 
ZnS, while a line 1000 gauss wide is found for Mn in ZnF>. 
When illuminated, the changes in the spectra are such as 
may be attributed largely to photoconduction. 
* Work supported in part by the ONR. 


1 Furnished by H. W. Leverenz of RCA Laboratories. 
2 Schneider and E ‘ngland, Physica 17, 221 (1951). 


W12. Paramagnetic R e in C trated Liquid 
Solutions. M. A. GARSTENS AND S. H. Liesson, Naval Re- 
search Laboratory.—The effect of exchange narrowing on line 
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widths has been examined in concentrated water solutions of 
Mn(NOs)2. Such solutions are capable of great concentration, 
and hence, allow a large variation of Mn** ion density, rang- 
ing from very low concentrations where the hyperfine struc- 
ture is easily visible to very high concentrations where the 
hyperfine lines disappear, and the over-all width of the reso- 
nance line goes through a maximum caused by dipolar broaden- 
ing and then further towards a minimum caused by exchange 
narrowing. The highly concentrated solutions occur when the 
salt is allowed to melt in its own waters of hydration. Of 
great interest is the fact that exchange narrowing not only 
reduces the broadening due to dipolar interaction among the 
ions but also appears to reduce that due to interaction be- 
tween the electrons and the nucleus of the Mn** ion. It thus 
appears that the hyperfine structure is sensitive to that aspect 
of the ionic environment which gives rise to exchange in- 
teraction. 





SATURDAY AFTERNOON AT 2:00 


NBS, Materials and Testing 


(W. A. WILDHACK presiding) 


Instrumentation 


WAI. An Isolated Potential-Difference Comparator. T. M. 
DauPHINEE, National Research Council, Canada.—A circuit 
is described for accurate comparison of differences which 
must remain electrically isolated. A galvanometer or elec- 
tronic amplifier is used and appreciable potential differences 
may be maintained between the circuits without affecting 
the balance. Potentiometric measurements have been made 
through this “isolated potential comparator’’ to better 
than +0.1 wv. Error from potential difference between the 
circuits is less than 2X 10~¢ of the difference for 100-ohm cir- 
cuits. Within these limits comparisons are accurate to nearly 
seven figures. A considerable rate of change of the quantities 
under comparison is permissible. The comparator has been 
used to measure with high accuracy the emf difference of 
thermocouples which are electrically connected at the tips. 
It has also been used to measure the difference between 
nominally equal standard resistors to several figures or a 
fraction of a microhm. Only one balance is required ; potential 
or current lead resistance is not significant and no ratio arms 
are used. In resistance thermometry the circuit permits 
replacement of the Mueller Bridge by a variable potential 
lead resistor. All necessity for equality or stability of lead 
resistance is eliminated. 


“ 


WA2. A Precision Micromanometer. JAMES M. KENDALL, 
U. S. Naval Ordnance Laboratory.—A micromanometer of 
high accuracy for pressures in the range of 0.1 to 50 mm Hg 
will be described. This manometer was developed at the 
Naval Ordnance Laboratory for use with the supersonic wind 
tunnel. With it a pressure may be read with an error of three 
microns Hg or less. In order to work out the design of an 
instrument with this accuracy it was necessary to analyze the 
optical requirements for accurate reading of the position of a 
meniscus, and to devise an optical system which meets these 
requirements. An enlarged image of the meniscus is projected 
on a screen of the optical system. The entire optical system 
is raised and lowered by means of a precision lead screw. A 
fine scale“on a drum attached to the lead screw reads directly 


to 0.05 mm and permits easy estimation to 0.01 mm. The 
manometer, as will be described, is arranged so that the error 
caused by the liquid which sticks to the inside surface of the 
glass tube when the meniscus level is changed, is practically 
eliminated. Samples of data from which the accuracy of the 
manometer may be judged will be presented. About six slides 
will be used to illustrate the presentation. 


WA3. A Magnetostriction Magnetometer.* Tuomas A. 
Pers, National Bureau of Standards.—Recent work on the 
change of Young’s modulus and internal damping with mag- 
netization' and on the magnetostrictive vibration of prolate 
spheroids*-* has been investigated for possible application to 
various instrumentation problems. Magnetostrictively ex- 
cited vibrations in long rods of various ferromagnetic materials 
were measured with a small barium-titanate accelerometer 
attached to one end of the rod. The vibration amplitude was 
found to vary over several orders of magnitude with changes 
in the externally applied magnetic field. For a long rod of 
high permeability, slightly magnetostrictive, permalloy, ampli- 
tude changes 10 times greater than the noise level in a narrow- 
band detector were measured for AH=4X10~ oersted. 
Sensitivity is being greatly improved by the use of an oscilla- 
tor which is frequency-stabilized by the vibrating rod, and by 
a determination of the most suitable magnetic material and 
annealing procedure. The use of fine wires rather than long 
rods is also being invesitgated. 

*Work done under a mee gy program on Basic Instrumentation 
ri x sponsored by the ONR, USAF, and AE 


T. Rogers and S. J. a yh Appl. Phys. 21, 1067 (1950). 


? Moyer, Madey, Hildebrand, Knable, and Hales, Phys. Rev. 85, 28(A) 


(1952). 
8 J. S. Kouvelites and L. W. McKeehan, Rev. Sci. Instr. 22, 108 (1951) 
4 Beck, Kouvelites, and McKeehan, Phys. Rev. 84, 957 (1951). 


WA4. Effective Use of Reciprocity in Vibrometer Calibra- 
tions, SANFORD P. THompson, Naval Research Laboratory.— 
The basing of vibrometer calibrations upon reciprocity 
methods can be most effectively achieved through a particular 
program. As background, the state of the art in vibrometer 
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calibrations by reciprocity will be reviewed. The two pro- 
cedures'* for effecting calibrations which have been devised 
on theoretical grounds will be mentioned. One of these pro- 
cedures has been investigated experimentally ;*-* comment 
will be made on the status of this work. For several reasons 
to be mentioned, it is best to restrict direct reciprocity cali- 
bration to instruments especially designed for the purpose. 
There is indicated a program of designing standard trans- 
ducers for any particular frequency range, of proving by 
internal consistency of the calibration data that these stand- 
ards actually obey the theoretical conditions of the calibration 
procedure used, and of designing an exciter for the calibra- 
tion of field instruments by comparison with these standards. 

1H. M. Trent, J. Appl. Mech. 15, 49 (1948). 

#S. P, Thompson, J. Acoust. Soc. Am. 21, 538 (1949). 

3A. London, “The Absolute Calibration of Vibration Pickups," Natl. 
Bur. Standards Tech. News Bull., January, 1948. 

4S. P. Thompson, J. Acoust. Soc. Am. 20, 637 (1948). 


$ Mark Harrison, David Taylor Model Basin, Carderock, Md. 
published). 


(to be 


WAS. The Reciprocity Calibration of Accelerometers’ 
MARK HARRISON AND ALAN O. Sykes, David Taylor Mode’ 
Basin.—Some piezoelectric accelerometers have been cali- 
brated by the reciprocity method from 100 to 10,000 cps. 
The method has been evaluated theoretically and experi- 
mentally. The reciprocity method used is based upon the 
work of Trent! who has formulated the basic equations. Actual 
calibration systems are often distributed and exhibit wave 
effects. It has been necessary to extend Trent’s equations to 
include wave effects. In this situation certain dilemmas arise 
that render difficult the attainment of good accuracy. These 
dilemmas can be minimized by the design of the accelerometer. 
These questions are discussed from the point of view of the 
establishment of a primary standard. 


1H. M. Trent, J. Appl. Mech. 15, 49 (1948). 


WAO6. Transient Response of Linear Systems.* J. FRANK 
KoeEnIG, National Bureau of Standards.—In the design of an 
nth order linear system it is desired that the transient re- 
sponse, for given initial conditions, be of a specified form. 
Criteria are presented for obtaining specified transient re- 
sponses, for various initial conditions, in linear systems de- 
scribed by mth order characteristic equations. The author's 
results are presented in the form of theorems which relate 
the roots and coefficients of the characteristic equation to the 
transient response, for various initial conditions. One of the 
theorems gives the conditions on the roots of the mth order 
characteristic equation such that there will be no overshoot 
for a step function input to the linear system. Closely related 
work recently reported by Z. S. Bloch' is summarized. 

* Work done under a cooperative program on Basic Instrumentation 
partially sponsored by the ONR, USAF, and AEC 

1Z 2 (March-April, 


Bloch, Avtomatika i Telemekhanika ‘i, No. 
1950). 


WA7. An Ultra-Compact Magnetic Storage System. WiL- 
L1AM T. DoyLe* AND Donan H. Jacors, The Jacobs Instru- 
ment Company.—Last year was described! a compact and very 
fast type of magnetic core storage having an access time of 
two to four microseconds. As originally constructed and used 
in the JAINCOMP-B electronic digital computer, this type 
of storage was packaged so that the cores and associated 
gates for storing three digits were mounted on a single 1 ¥_ 2} 
in. plug-in subassembly card, the assembly weighing about 
one ounce. A new version of this type of storage involving a 
ferritic core material has been developed. This has a storage 
time of eight microseconds an an access time of three micro- 
seconds. Its particular virtue lies in its small size, for 24 
digits, with their associated gating circuits. are now all 
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packaged on a single plug-in subassembly of the standard 
175 X 2} in. size, and being }{ in. thick. It occupies the same 
volume in a computer as a standard plug-in subassembly and 
weighs 2} oz. 

*Lt. Commander, USN, on yx ew assignment from U. S. Naval 


Pongpytene School, Monterey. Californ 
. H. Jacobs and M. May, Phys. eng ‘83, 243(A) (1951). 


WAS. A Supersensitive Differential Altimeter. MARCEL 
Martin, DonaLp H. JAcoBs, AND SEYMOUR SCHOLNICK, The 
Jacobs Instrument Company.—A need arose for a differential 
altimeter capable of measuring relatively large altitude 
changes, over relatively short periods of time, with an ac- 
curacy of 0.1 mm of mercury pressure difference. It was found 
that because of creep, hysteresis, etc., a conventional aneroid 
capsule would not have the necessary reproducibility of the 
relationship between pressure and deflection. Hence, it was 
decided to use a device embodying a diaphragm retained in 
a fixed (null) position by a servo system, the pressure of the 
atmosphere being applied to one side of the diaphragm. It 
was next necessary to find a pressure to apply to the other 
side of the diaphragm to balance atmospheric pressure. The 
use of metal springs or similar devices was ruled out because 
the reproducibility of their stress-strain characteristics could 
not be relied on because of creep, hysteresis, and so forth. 
It was finally decided to employ, for the balancing pressure, 
a “perfect spring’’ consisting of a trapped volume of gas 
maintained at constant pressure. The volume of this gas (air) 
is varied by a piston, and its pressure changes correspondingly 
in a highly predictable and reproducible fashion. In practice, 
air at atmospheric pressure is applied to both sides of the 
diaphragm. When a change in altitude is to be measured, the 
air on one side of the diaphragm is trapped by a valve and 
used as the “perfect spring."” Changes in altitude are deter- 
mined by the multiplication of the volume change by the air 
temperature, and by a constant. 


WA9. Addition of a General-Purpose Program to the 
JAINCOMP-B Electronic Digital Computer. Donatp H. 
Jacops AND SEyMouR ScHOLNICK, The Jacobs Instrument 
Company.—JAINCOMP-B is a very compact, high speed 
electronic digital computer which originally! contained four 
wired-in computing programs. This computer, which is 
asynchronous, has been modified by the addition of an asyn- 
chrounous general-purpose programming device. The modi- 
fied machine is called JAINCOMP-B1. The programming 
device comprises a punch card reader and associated circuits. 
The program is set up on a punch card which is divided into 
16 vertical columns and 33 horizontal rows. Holes punched 
in each horizontal row select the computing operations (up 
to a total of five) that are to be performed in one computing 
step. Hence each row down the card (except the last) sets 
up the operations to be performed in a step. A total of 32 
computing steps can be set up. This number of steps permits 
the solution of quite long problems because of the logic used 
in JAINCOMP-B1. Various special operations such as non- 
linear sequencing, iteration, making conditional decisions, 
etc., are possible. Great programming flexibility is provided 
by this device. The punch card is supported in a reader which 
“feels” all hole positions on the card simultaneously. The card 
is scanned electronically, row by row, by a matrix system. 
In the last row of the card are punched constants associated 
with special programming sequences. The punch card system 
can be modified to accept longer punch cards, affording more 
program steps, if desired. For programs of still greater length 
the punch card unit can be supplemented or replaced by a 
magnetic tape of unlimited length, with a battery of pick-up 
heads for scanning purposes. 


1 Jacobs, May, and Scholnick. Phys. Rev. 85, 731(A) (1952). 
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232 SESSION X 


SATURDAY AFTERNOON AT 2:00 


NBS, Chemistry Lecture Room 


(J. A. HoRNBECK presiding) 


Electron-Physics, Including Gas Discharges 


X1. Processes Involving Thermal Electrons and Ions in the 
Mercury Afterglow. MANFRED A. Bionp!, Westinghouse Re- 
search Laboratories.—The difficulty in obtaining thermal elec- 
trons (7,=300°K) in mercury afterglows'? has been over- 
come by adding small amounts of helium to the mercury as a 
“recoil gas.’’ Microwave techniques were used to study the 
decay of these thermal electrons and ions in the mercury- 
helium afterglow. The measured ambipolar diffusion coeffi- 
cient D, of mercury ions in helium is 790 (cm*/sec) at 1-mm 
pressure, while mercury ions in mercury give D,=10.8. The 
first value agrees with theoretical predictions and with meas- 
urements on alkali ions in helium; the second value confirms 
uncertain results quoted by Mierdel.! The cross section for 
electron attachment to mercury is 7X 10~ cm*, which is the 
order of magnitude expected for radiative capture of elec- 
trons. The electron-ion recombination coefficient for mercury 
is a=5X10-7 cc/sec, which is one hundred times the value 
found at higher electron temperatures (7,.™~2000°K).? 


1! Mierdel, Z. Physik 121, 574 (1943). 
? P. Dandurand and R. B. Holt, Phys. Rev. 82, 868 (1951). 


X2. Interaction of Electrons and Ions in a Magnetic Field. 
L. S. Frost* anp G. W. PENNEY, Carnegie Institute of Tech- 
nology.-Experiments have shown that ions and electrons in 
a magnetic field often behave differently than expected. This 
paper conside’s the effect of the usually neglected helical 
paths followed by electrons in a magnetic field as a result of 
their thermal energies. It is shown that the Coulomb inter- 
actions with ions do not average to zero in a region of com- 
plete space charge neutralization, but add up to a net force 
on each ion and electron. This interaction force is propor- 
tional to the relative drift velocity of the ions and electrons, 
to the electron density, and inversely to the magnetic field 
strength. The effect of the interaction can be conveniently 
expressed in terms of an interaction electric field E; which 
acts on all charged particles, and must be included in calcula- 
tions of particle behavior in a magnetic field. The theory 
applies for magnetic fields making the angular frequency of 
the helica! motion of the electrons greater than the collision 
frequency. 

= Now at Westinghouse Research Laboratories, East Pittsburgh, Penn- 
syivania, 


X3. Multiple Ionization by Electron Impact. WILLIAM J. 
Knox, Yale University.*—In connection with recent interest 
in the production of multiply charged ions of light elements, 
some observations have been made on processes in He, N, 
and O in which two or more electrons are knocked out of an 
atom by a single incident electron. A mass spectrometer was 
used to separate ions with different degrees of ionization. 
Ihe dependence of ion yield on incident electron bombarding 
current can be used to indicate whether the production process 
is a single or multiple collision process. Some curves of yield 
vs incident electron energy will be compared to similar curves 
for rare gases taken by previous experimenters and to calcu- 
lated curves (for doubly ionized atoms). 


* Supported in part by the AEC. 
1F, de la Ripelle, J. phys. radium 10, 319 (1949). 


X4. Charge Transfer Cross Sections Between Atoms and 
Slow Ions in A, Ne, and He. Roy F. Porter, National 
Bureau of Standards,—Charge transfer cross sections for 





slow rare gas ions in their own gases have been studied as a 
function of the ion energy between 200 ev and 8 ev. The 
method uses the radiofrequency mass spectrometer to form 
the primary ion beam. Because no slits are used, relatively 
little increase in energy spread of the ion beam occurs as the 
beam enters the reaction chamber. The secondary ion, formed 
by the transfer of an electron of the neutral atom to the 
moving ion, has only a small forward velocity component. 
The primary and secondary beams are separated by applying 
stopping potentials and getting an energy spectrum having 
two components, each of which is about 4 ev wide. The three 
gases He, Ne, and A were used in the studies to compare with 
previous studies by Hasted' and Rostagni.2 Agreement is 
found to be within 10 percent throughout most of the region 
studied. However, in the cases of A and Ne there appears to 
be a minimum in each curve at approximately 80 ev and 70 
ev, respectively. This might be explained by the presence in 
the primary beam of ions in both the *P, and *P¥ states. 


1J. B. Hasted, Proc. Roy. Soc. (London) 205, 421 (1951). 
2 A. Rostagni, Nuovo cimento 12, 134 (1935). 


X5. Observations on Phenomena Initiated in Gases by an 
Electric Spark.* H. L. Otsen, R. B. EpMonson, AnD E, L. 
GAYHART, The Johns Hopkins University, Silver Spring.— 
Ignition spark phenomena have been photographed in suc- 
cessive stages from zero time to one thousand microseconds. 
An electronic timer has been used for the introduction of a 
known time delay between the time of passage of an electric 
spark (one-half microsecond duration) and a subsequent 
Schlieren exposure. Individual photographs spaced at time 
intervals equivalent to a rate of four million frames per 
second have been obtained. The photographs show the forma- 
tion, separation, and travel of the shock wave from the spark 
origin as well as the development of a hot gas kernel remain- 
ing behind the shock. The geometrical development of the 
kernel has been observed for combustible and noncombustible 
gases. These observations are being used in a study of the 
ignition process and of the propagation of incipient flames 
in gases. 


* This research was supported by Bureau of Ordnance, U. S. Navy. 


X6. The Aqueous Electrolyte Cathode in Dielectric Break- 
down Studies of Liquids. A. H. SHARBAUGH, R. W. Crowe, 
AND J. K. BraGG, General Electric Research Laboratory. 
The authors’ quantitative theory of cathode effects in dielectric 
breakdown ascribes these effects to field emission from metal 
cathodes. A cathode which allows systematic investigation of 
the effects is the aqueous electrolyte cathode employed with 
dielectric liquids. In this case ions rather than electrons are 
emitted, but the role played in providing a space charge is 
the same. The use of such cathodes, together with the simple 
quantitative theory of their operation, provides a means of 
extrapolating to the “intrinsic electric strength” of liquids; 
i.e., the electric strength in the absence of cathode effects. 


X7. Applications of Electrostatic Control of Electric Charges 
Furnished by Glow Discharge. PieERRE TouLon.—The com- 
bination of a sharp pointed needle at high voltage, facing the 
center of a hole in a conductive mask, produces a stream of 
charged particles capable of jumping over a plate at appreci- 
able distance if a voltage of opposite sense is applied. The 


ee 





SESSIONS 


flow of charged particles may be electrostatically controlled 
by a grid, or simply by a ring. The paper describes the char- 
acteristics of amplifiers or modulators with one or a plurality 
of control grids having similar functions as in high vacuum 
tubes. In some devices requiring a great multiplicity of inde- 
pendent tubes, the cost is very low, since the system does not 
require a vacuum, and the needles, the mask, and the grids 
may be made in the form of a sheet, in multiples of thousands 
side by side. A large television screen uses this principle. The 
process is only applicable for low currents and low frequencies. 
Diodes are also constructed by facing a high voltage needle 
toward two electrodes, symmetrically disposed, affecting the 
switching of flow of charged particles for small voltage 
differences. 


X8. Whirling Mov ts of the Conductor as a Result of 
the Interaction between Electric and Magnetic Fields. OLEG 
YaporF, Columbia University.—In our previous reports we 
described the effect of the influence of an electric field on an 
electric current as well as the phenomenon which derived 
from this effect and consists of the production of electric 
turbulences in a fluid medium; we explained the latter as the 
result of the interaction between electric and magnetic fields. 
The following data on the observations of a new effect confirm 
our earlier hypothesis. If the electric field concentrically 
acting towards the magnetic field which accompanies the 
electric current passing along the axis of a closed system is 
gradually increased, a point is reached when the interaction 
between the electric and the magnetic fields sets in motion 
the conductor situated along the axis. The conductor rotates 
in a whirling movement, forming a regular pattern at various 
frequencies fi, fo, fs,- ++ fp. When the conductor is incandes- 
cent, the whirling movement acquires a bright, pictorial form 
which can easily be photographed and which assumes the 
appearance of electromagnetic lenses. The shape of the 
whirling movement of the conductor corresponds to the equa- 
tion of the projection along the x axis: 


dr 
df 





le dé dx e 
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X9. Ion Concentrations in Intense Discharges from Stark 
Effect Broadening. H. N. OLtseN* anp W. S. Huxrorp, 
Northwestern University.—Broadening of the Ha and Hg lines 
produced by ionic fields in condensed flash discharges is re- 
corded by means of a photocell and synchroscope. A trace of 
hydrogen is used as a spectroscopic probe in argon and neon. 
The Holtsmark' theory as applied by Verweij? is used to 
determine ion fields as a function of time during the flash. 
The error of this method is estimated at less than 10 percent. 
Calculated values of ion concentration are plotted against 
time. A maximum concentration occurs about seven micro- 
seconds after initiation of the discharge at pressures of about 
75 mm Hg. The variation of ion concentration with time is 
compared with oscilloscope traces of spark lines, arc lines, 
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and continuum. Bremsstrahlung processes are considered to 
be the chief sources of continuous radiation in the afterglow. 


* Now at Linde Air Products Company, Tom awanda, New York. 


1J. Holtsmark, Ann. Physik, 58, 577 (1919 


2S. Verweij, Pub. Astron. Inst. Univ. Ams str, No. 5 (1936). 


X10. Radiation Loss by Electrons in Large Orbits.* DALE 
R. Corson, Cornell University.—The energy loss by electrons 
in a one-meter radius synchrotron orbit has been measured for 
electron energies between 225 and 318 Mev and found to be 
in close agreement with the classical radiation value. The 
energy loss is measured by observing the rate at which the 
orbit shrinks when the radiofrequency accelerating voltage 
is removed. To measure this rate the visible light is focused 
on a grid placed before an electron multiplier tube. When the 
orbit shrinks the spot of light moves across the grid, modulat- 
ing the output of the multiplier. Distances are calibrated by 
intercepting the electron beam at different orbit radii with 
the synchrotron target. Orbit shrink rates are also measured 
by observing the x-ray production times for different target 
positions. The most sensitive measure of energy loss, and one 
that is independent of the radial variation of the magnetic 
field, is the determination of the point on the back side of the 
magnetic cycle where the orbit is in equilibrium when the rf 
accelerating voltage is removed. Determination of H and H 
throughout the magnetic cycle is made with the aid of a coil 
which rotates synchronously (30 cycles per sec) with the 
magnetic field. 


* Supported in part by the ONR. 
1 J. Schwinger, Phys. Rev. 75, 1912 (1949). 


X11. Ultraviolet Radiation from the Cornell Synchrotron.* 
P. L. HARTMAN AND D. H. ToMBOULIAN, Cornell University.— 
Preparatory to contemplated investigations in the vacuum 
ultraviolet region, the intensity distribution of the radiation 
from the synchrotron is being studied in the spectral range 
which extends from 4500A to 2200A. In contrast to the work 
of Elder, Langmuir, and Pollock! the photographic technique 
is being utilized in anticipation of its use for measurements 
below the region of quartz transmission. Exposures are ob- 
tained by the use of a synchronized shutter which accepts 
light only over a 3° range out of the 90° acceleration interval. 
By varying the phase of the shutter, this scheme makes it 
possible to examine the radiation from electrons whose en- 
ergies lie in a narrow band centered about a specified value 
of the energy. Sepctra have been obtained for mean electron 
energies which varied in steps from about 40 Mev to the 
peak energy of 318 Mev. Above 100 Mev, the spectral region 
covered by the present measurements shows little variation 
in the energy distribution of the emitted light. Problems in 
photometry and agreement with existing theories will be dis- 
cussed. The work has enjoyed the generous assistance of many 
members of the staff associated with the synchrotron. 


* This work supported in part by the ONR 


1 Elder, Langmuir, and Pollock, Phys. Rev. 74, 52 (1948). 


SATURDAY AFTERNOON AT 2:00 


NBS, East Building Lecture Room 


(R. J. SEEGER presiding) 


Fluid Dynamics and Ultrasonics 


XAI1. Ultrasonic Dispersion and Absorption in the Vapors 
of Cis- and Trans-Dichloroethylene.* J. C. HuBBARD AND 
D. Sette,t The Catholic University of America.—A study of 


ultrasonic velocity and absorption in the liquids, cis- and 
trans-dichloroethylene has been published by one of the 
authors! and it was evident that measurements of ultrasonic 
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propagation in their vapors would be of great interest. Meas- 
urements have been obtained of ultrasonic velocity and ab- 
sorption at 32°C and at pressures from 1.2 cm to about 25 
cm of mercury, giving f/p values of 1.27 to 125 Mc/atmos. 
Indications are found for two f/p regions of dispersion in each 
vapor, one being common to both vapors with the relaxation 
mid-point value of f/p at 3.5 Mc/atmos, the other for cis- 
at 30 Mc/atmos and for trans- at 90 Mc/atmos. Values of 
Cv/R range from 7.5 to 3.5 for the cis- and from 8 to 4 for the 
trans-. Maxima of molecular absorption for the former are 
at 3.44 and 28.7, for the latter at 3.46 and 84 Mc/atmos. 

* Supported by ONR. 

t Instituto di Ultracustica, Rome, Italy. At present at the Catholic 


University of America. 
1D. Sette, J. Chem. Phys. 19, 1337-1341 (1951). 


XA2. Theory of the Mach-Zehnder Interferometer. F D. 
BENNETT AND G. D. Kant, Ballistic Research Laboratories.— 
The vector theory of the ideal, planar, Mach-Zehnder inter- 
ferometer! is extended to include three-dimensional models 
based on geometry of the ellipsoid. Necessary and sufficient 
conditions for production of white light fringes are deter- 
mined, and the path difference formula governing interference 
is developed as in the planar case. Expressions for fringe width 
and orientation are found and the effects of various source 
points determined. The problem of optimum source is found 
reducible to that already treated for the planar interferometer. 
The effect of a thick plane-parallel plate on a parallel beam is 
studied. An actual thick plate interferometer is represented 
as an ideal, ellipsoidal interferometer with the effects of thick 
plates linearly superposed. Conditions are investigated for 
obtaining perfect plate compensation; these plus the choice 
of “‘vertical’’ fringes reduce the ellipsoidal interferometer to 
planar form. Tests for alignment of a thick plate instrument 
are suggested. Finally terms accounting for thick windows and 
compensating chambers are considered and requirements de- 
veloped for compensation in the BRL pressure-temperature 
controlled range. 


1F. D. Bennett, J. Appl. Phys. 22, 184 (1951); also BRL Report No. 731, 
September 1950 


XA3. Scattering by a Semi-Infinite Cone. K. M. SreGet 
AND H. A. ALPERIN, University of Michigan.—Recently the 
authors obtained the differential scattering coefficient for the 
scattering of scalar (sound) waves by a semi-infinite cone.! 
In that paper this solution is compared with the electromag- 
netic solution obtained by Hansen and Schiff. For purposes 
of computation the reduction of the algebraic results can be 
facilitated by the introduction of a characteristic length 
(e.g., the distance from the vertex of cone to observer). It is 
then shown that the results are insensitive to the char- 
acteristic length so chosen. The differential scattering coeffi- 
cients obtained by scalar and vector theory, for axially sym- 
metric backscattering from a 20° cone and from a 30° cone, 
are then analyzed and compared. 

Scattering by a Semi-Infinite Cone,"” UMM 87, Willow Run Research 
Center, University of Michigan (January 1952). 

2"*Theoretical Study of Electromagnetic Waves Scattered from Shaped 


Metal Surfaces,"” Quarterly Report No. 4, Microwave Laboratory, Stan- 
ford University. 


XA4. Low Velocity Detonation of Certain Primary Ex- 
plosives. R. H. Srresau,* U.S. Naval Ordnance Laboratory. 

Under conditions of very high loading density and high 
radial confinement, and when marginally initiated, lead 
azide and mercury fulminate were found to react in an un- 
usual manner. The propagation rate of the reaction was found 
to be between 1400 and 1700 meters per sec as contrasted 
with a detonation velocity of over 5000 meters per sec for 
the same materials at the same loading densities when more 
vigorously initiated. The interior of a hole through which 
such a reaction has passed is smooth and lustrous, while one 
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through which a normal detonation has passed is black and 
riddled with longitudinal cracks. Experiments with various 
confining media and column diameters show that these have 
little, if any, effect upon the propagation velocity but make 
adjustments of other conditions necessary in order to cause 
this type of reaction. Possible mechanism of this type of re- 
action are discussed. 


XAS. Recent Air Shock Velocity Measurements Near 
Detonating Explosives. J. Savitr AND R. H. Srresau, U. S. 
Naval Ordnance Laboratory.—Previously reported small scale 
measurements! of ionized air shock velocities near detonating 
explosives have been extended to include measurements 
made with large numbers of different explosive systems. By 
confining the explosives and the air shocks in heavy walled 
cylindrical metal tubes, one-dimensional progation was 
approximated. By assuming a linear relationship between the 
velocity of the explosive particles in the detonation and the 
mass of explosive between the detonation front and these 
particles, a simple relationship between the air shock ve- 
locity V and the distance to the original explosive air- 
interface Y, is suggested by applying the principle of mo- 
mentum conservation. It is found that y= (e/p)[(Vo— V)*/V], 
where Vo is the initial air shock velocity, p is the undisturbed 
air density, and ¢ is a constant dependent upon the explosive. 
This relationship is found to be in good agreement with the 
observations. 

1R. H. Stresau and J. Savitt, Chicago A.P.S. Meeting, October 1951. 


XA6. Vibrational Energy Lag in Shock Waves.* WAYLAND 
GriFFitH, Princeton University.—Relaxation effects in mo- 
lecular gases due to the failure of vibrational modes to follow 
the rapid increase of temperature in a shock front have been 
observed with a shock tube and interferometer. The pressure 
and density behind the shock don’t attain the values pre- 
dicted by the ordinary Rankine-Hugoniot relations instan- 
taneously because practically no excitation of vibrational 
levels can occur during the few collisions in the shock front. 
The region of vibrational adjustment is very large compared 
to the thickness of the shock front. For example, in CO at 
a pressure of $ atmos a shock of pressure ratio 2:1 is found 
to be 0.1 inch thick. This is in agreement with data on the 
relaxation time of CO. obtained previously by another 
method.! Comparison with an approximate theory for the 
adjustment process given by Bethe and Teller* will be 
discussed. 

* This work was supported by an ONR contract. 

1 W., Griffith, J. Appl. Phys. 21, 1319 (1950). 

2H. A. Bethe and E. Teller, “ Deviations from Thermal Equilibrium in 
Shock Waves,” recently reissued by the University of Mich. Engr. Research 
Inst. 


XA7. Luminescence Produced as a Result of Intense 
Ultrasonic Waves.* V. GrirFING AND D. Sette,t Catholic 
University of America.—Luminescence has been observed 
when water saturated with CCl, is subjected to intense ultra- 
sonic waves. Luminescence occurs only when cavitation is 
also observed. Observations were made using various dis- 
solved gases, e.g., argon, nitrogen, oxygen, carbon dioxide, 
and sulfur hexafluoride. In every case luminescence occurred 
only when chemical reactions took place; the estimated in- 
tensity of luminescence and the amount of chemical reaction 
went qualitatively parallel. The experiments were made at 
2 mc, 1 mc and 600 ke with acoustic intensities of approxi- 
mately 6.5, 2, and 1 watt/cm*. Observations were made on 
cavitation in other liquids, but no luminescence or chemical 
effects were observed. It seems, therefore, that the origin of 
luminescence is to be found in the chemical reactions occurring 
during cavitation. 

* Supported by ONR. R 

t From Instituto di Ultracustica, Rome, Italy. At present at the Catholic 
University of America. 
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XA8. Ultrasonic Automatic Viscosity Measurement. STan- 
LEY R. RicH AND WILFRED Rotu.—Ultrasonic longitudinal 
waves are produced in a magnetostrictive resonant element 
by impulse excitation. Shear waves are excited in the liquid 
in contact with a portion of the member. An electronic 
analog computer automatically solves the equation relating 
shear wave propagation to liquid viscosity presenting the 
solution directly and continuously on an indicating meter 
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calibrated in centipoisesXg/cc. Theory of the basic phe- 
nomenon and of the computer is discussed. Results are pre- 
sented including: viscosity of Newtonian liquids versus 
temperature, viscosity of blends of Newtonian liquids; 
viscosity measurements during polymerization of high 
polymers; during clotting of whole blood; during gela- 
tion of gelatin solutions; during curing of thermosetting 
resins. 


Post-Deadline Papers, If Any 


SATURDAY AFTERNOON AT 2:00 


Wardman Park, Burgundy Room 


(M. Deutscu presiding) 


Positronium; Pair Creation 


Y1. Conservation of Energy in Three-Quantum Annihila- 
tion.* R. SreGEL AnD S. De BENEDETTI, Carnegie Institute of 
Technology.—The triple-coincidence technique previously de- 
scribed' has been used to continue a study of the three- 
quantum annihilation of positrons and electrons. Three large 
Nal(T)) scintillation counters were arranged in a plane about 
a source of positronium, which was obtained by stopping fast 
positrons from Na* in a dense atmosphere of SFs. The three 
counters were connected in fast coincidence (r~10~’ sec) and 
differential pulse height selectors were used to study the 
energies of the coincident rays. According to the conservation 
laws, the three gamma-rays of annihilation have energies 
determined by the angles between the counters, so that changes 
in the arrangement of the counters cause changes in the ener- 
gies of the coincident rays. The heights of the coincident 
pulses were studied for different angular arrangements. From 
the analysis of the data it was found that the energies of the 
three-quantum annihilation rays agreed with the values 
predicted by energy-momentum conservation. The experi- 
mental data will be presented. 


* Supported by the AEC. 
1S. De Benedetti and R. Siegel, Phys. Rev. 85, 371 (1952). 


Y2. An Investigation of the Three Photon Annihilation of 
the Positron. Ricuarp S. Srone, Rensselaer Polytechnic 
Institute.*—By use of a triple coincidence gamma-ray spec- 
trometer with a similar geometry to that used by Rich,' the 
three-photon annihilation of the positron has been detected in 
brass and studies of the angular distribution of the three 
gamma-rays have been made by moving two of the counters 
in the plane. Initially in several Cu runs, the ratio of the 
counting rate in the plane to that out of the plane was approxi- 
mately 2:1. At the conclusion of a typical 24-hour run, this 
ratio was approximately 10:1. The counting rate out of the 
plane varied as the cube of the source strength indicating that 
triple coincidences due to Compton scattering are relatively 
few. The three-photon annihilation explains the higher count- 
ing rate in the plane. Distribution functions for the prob- 
ability that, given a photon of energy k, the other two photons 
would share the remaining energy equally were calculated from 
the work of Ore and Powell. The experimental data will be 
compared to these theoretical curves. 

* Supported in part by the AEC and by the Rensselaer Polytechnic Insti- 
ba Research Fund. 


A. Rich, Phys. Rev. 81, 140 (1951). 
7A. Ore and J. L. Powell, Phys. Rev. 75, 1696 (1949). 


Y3. Electrodynamic Corrections to the Fine Structure of 
Positronium. A. KLEIN AND R. Karptus, Harvard University. 
—A Lorentz-invariant wave equation for the bound states of 
the electron-positron system has been derived from the 
formalism of Schwinger.! This equation has been used in con- 
junction with a four-dimensional perturbation theory’ to 
obtain the splitting, correct to order a’Ry, of the 1'S—15S 
ground-state doublet of positronium. The perturbations can 
be divided meaningfully into two sets according to whether 
all intermediate states contain an vlectron-positron pair or 
some do not. The first of these consists of the Breit interaction, 


‘the exchange of two photons, and self-energy effects (anoma- 


lous moments); the second, which is specific to the system 
considered, includes one- and two-photon virtual annihilation 
of the original pair. The required accuracy is achieved by 
employing a wave function which is the first-order solution of 
the equation for the Coulomb plus retarded Breit interactions. 
The energy difference thus found is 
(7/6)o®Rya{1—(a/r)[(41/21) — (3/7) In2]} 

= 2.033 X 108 Mc/sec. 


The agreement of this result with experiment will be dis- 
cussed. 


1 J. Schwinger, Proc. Natl. Acad. Sci. 37, 452 (1951). 
2E. E. Salpeter, Bull. Am. Phys. Soc. 27, No. 1 (1952). 


Y¥4. Quenching of the Three-Quantum Annihilation from 
Positronium by a Magnetic Field.* J. WHEATLEY AND D. 
Hatuipay, University of Pittsburgh—We have measured the 
quenching of the three-quantum annihilation from posi- 
tronium! by observing the change in the triple coincidence 
rate with magnetic field. Our detection apparatus is similar 
to that of DeBenedetti and Siegel.? The experimental arrange- 
ment is as follows: The three scintillation detectors are mag- 
netically shielded and placed at 120° to one another, their 
three axes and the source lying in a plane. The source, 0.01 mc 
Na®, is mounted on a Zapon film and placed in a tube filled 
with sulfur hexafluoride’ at 300 pounds/in*. The magnetic 
field is perpendicular to the plane of the counters. Preliminary 
data are in agreement with Deutsch’s value for the ground 
state splitting. The fraction of the three-quantum annihila- 
tion not quenched approaches the value one-half for strong 
fields. 

* Work done in the Sarah Mellon Scaife Radiation Laboratory and 
assisted by the joint program of the ONR and AEC and the Research 
Corporation. 

1M. Deutsch and E. Dulit, Phys. Rev. 84, 601 (1951). 


1S. DeBenedetti and R. Siegel, Phys. Rev. 85, 371 (1952). 
* Suggested to us by DeBenedetti and Siegel. 
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Y5. Complex Time Decay of Positrons Annihilated in 
Condensed Materials. R. E. Bett anp R. L. Granam, 
Chalk River Laboratory.—The time distribution of positron 
annihilations in condensed materials is being studied. A lens 
spectrometer focuses 220-kev positons which have first passed 
through a thin stilbene crystal, either (1) directly onto a thick 
diphenylacetylene crystal or (2) onto a 1-mm layer of the 
test material placed immediately over this crystal, which then 
counts annihilation quanta. Condition (1) gives the prompt 
reference curve for the coincidences between the two phosphor 
crystals (resolving time 27>=1.8X10~-* sec) and (2) gives 
coincidences delayed by the time required for positons to 
annihilate in the test material. Aluminum, gold, NaCl, 
graphite, diamond, and crystalline quartz yield delayed 
coincidence resolution curves consistent with a single mean 
life ranging from 1.210~'° to 4X107!° sec. Fused quartz, 
polystyrene, polyethylene, Teflon, and others display two de- 
cay components, one of mean life ~3 X 107! sec (~2/3 of the 
decays) and the other of ~2X10~* sec (~1/3 of the decays). 
A few substances, e.g., fused B,O;, are intermediate between 
the two classes. The fact that positons decay differently in 
crystalline than in fused quartz suggests that any explanation 
of the present results will emphasize the structure of the 
materials. 


Y6. Positron-Electron Scattering. ARTHUR ASHKIN AND 
W. M. Woopwarb, Cornell University—Measurements are 
being made of the differential cross section for the scattering 
of positrons by atomic electrons as a function of positron 
energy £, and the fractional-energy transfer v. The apparatus 
is similar to that used by Page* for electron-electron scattering. 
A uniform magnetic field is used to define the incident positron 
energy and to analyze the scattered particles. Two Geiger 
counters in coincidence record the scatterings. Co™® is used 
as a source of positrons and a thin plastic film as a scattering 
foil. In practice we measure the ratio of positron-electron 
scatterings to electron-electron scatterings for the same E 
and v. This ratio we can determine to greater accuracy 
than the absolute cross section. Our experiment does yield 
absolute cross sections at somewhat reduced precision. For 
E=600 kev and v=1/2 the theoretical ratio of the differential 
cross section of electrons to positrons is 3.07. This is obtained 
using the Moller and Bhabha formulas. The measured value 
at this point is 3,094.22. At this energy the measured abso- 
lute cross section are about 6 percent low presumably because 
of multiple scattering. 


* Lorne A. Page, Phys. Rev. 81, 1062 (1951), 

Y7. Internal Pair Creation in Mg’. Srewart D. BLoom, 
Institute for Studies, University of Chicago.—The 
positron spectra from the internal pair creation of the two 
y-rays (y:=2.76 Mev, y2=1.38 Mev) resulting from the 
B~ decay of Na™ have been observed, and the internal pair 
creation coefficients (J,, J:) measured, using a double lens 
8-ray spectrometer.' According to Table I the following two 
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TABLE I. Observed and theoretical (see reference 2) values of I; and J: 





Observed value X10* Theoretic al values X10 





11.20( E 1) 6.80(E2) 4.62(E3) 5.36(M1) 3.45(M2) 
1.87(£1) 0.57(£2) 0.19(E3) 0.25(M1) 0.07(M2) 


fi 6.69 +0.20 
ls 0.58 40.14 


possibilities characterize both y: and yz: (1) Pure Es; (2) 
mixture of £1, £3, and M2. In the case of y; the theoretical 
energy spectrum for a pure £2 transition? corresponds very 
closely to the observed energy spectrum. This is not true for 
any combination of £1, £3, and M2. Thus y; would seem to 
correspond to a pure £2 transition. Since the value of Jz and 
the y:— y2 angular correlation® are both characteristic of E2 
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transitions. yz; would also seem to correspond to a pure E2 
transition. 
1 iH. M. Agnew and H. L. Anderson, Rev. Sci. Instr. 20, 869 (1949). 
M. 


. Rose, Phys. Rev. 76, 678 (1949). 
L. Brady and M. Deutsch, Phys. Rev. 74, 1541 (1948). 


Y8. Masses of the Stable Tellurium Isotopes from the 
Microwave Spectrum of TeCS.* G. Sitvey, W. A. Harpy, 
AND C. H. Townes, Columbia University—The microwave 
spectrum of TeCS has been examined in the rotational transi- 
tions J=6—>7 and J=7-+8. Seven isotopes were found and 
from their absorption frequencies mass ratios have been cal- 
culated. The masses of Te and Te!* have been taken as given 
correctly by a Bohr-Wheeler type formula and the masses of 
the other isotopes are given in Table I, together with the 
masses predicted by the formula. The odd-even mass varia- 
tion is approximately 2.5 milli-mass units. The Te=C bond 
distance is 1.904A and the C=S distance 1.557A. No quad- 
rupole hyperfine structure was detected. The TeCS was pre- 
pared by arcing graphite-tellurium rods in CS, and purified 
by distillation at — 78°C. 

TABLE I, 





Mass from 
Booo in Mc formula 
1559.9306 
1565.7021 
1571.6519 
1574.6908 
1577.7904 
1580.9199 
1584.1216 


Isotope Experimental mass 





129.9646 +.0005 129.9652 
127.9609 
125.9579 +.0005 
124.9585 +.0005 
123.9550 
122.9578 +.0012 


121.9538 +.0005 121.9535 








* Work supportec! by the AEC 


Y9. Mass Spectra of Isotopic CO, Molecules.* F. S. 
STEIN,¢ University of Buffalo—The mass spectra of a 1:1 
mixture of C“O, and CO, molecules were determined using 
a Consolidated-Nier (dual-collector) mass spectrometer. Mag- 
netic scanning was effected through the use of a gear-reduction 
motor connected with the analyzer magnet. Samples were 
evolved from C® enriched CaCO; and purified. Sample pres- 
sures were chosen to give measured ratios practically inde- 
pendent of small pressure changes. Appropriate corrections 
were applied for the presence of residual peaks, oxygen iso- 
topes, space charge in the ionization chamber, and the finite 
accelerating voltage used (1250 V.). The corrected ratios are 
as follows: (C80/C#O)/(C#0./C#O,) =0.948 and (C8/C®) 
(C.02/C#O.) = 1.022. The corresponding values measured by 
V. H. Dibeler et al.! using a 180° mass spectrometer and elec- 
trostatic scanning are 0.949 and 0.961. O. A. Schaeffer? 
obtained a value of 1.007 for the latter ratio but concluded 
from theoretical considerations that this ratio is unity in the 
absence of experimental errors. It is concluded from this in- 
vestigation that this latter ratio is actually greater than unity. 

* Aided in part by a grant from the American Cancer Societ 

+ Now at the Westinghouse Research Laboratories, East Pitts sburgh, 


Pennsylvania 
1 Dibeler, Wells, and Reese, 
20. A, Schaeffer, J. Chem. 


Phys. Rev. 79, 223 (1950). 
Phys. 18, 1501 (1950). 


Y10. Atomic Masses and Nuclear Shell Structure at 20 
and 28 Neutrons and Protons.* THomas L. CoLLins, ALFRED 
O. NiER, AND WALTER H. JOHNSON, JR., University of Minne- 
sota.—Measurements of atomic masses with the Minnesota 
double-focusing mass spectrometer now include almost every 
stable isotope from S* to Zn”°. In addition, the atomic masses 
of many radioactive isotopes in this region can be computed 
from nuclear reaction energies, giving a total of 81 masses 
between mass numbers 31 and 70. A fit of the semi-empirical 
Wigner mass formula to this data discloses the existence of 
discontinuities in the binding energy surface at 20 and 28 
and The discontinuities are primarily 


neutrons protons. 
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changes in slope of the surface rather than discrete jumps in 
the binding energy. 


* Research supported by joint program of the ONR and AEC. 


Y11. Nuclear Masses and the Electron Mass. Enos E. 
WitMER, University of Pennsyluania—The mass of any 
nucleus or elementary particle in any state may be written 
as Mm, where m is the rest mass of the negative electron. The 
experimental data shows that in many cases M is an integer 
or rational number, which in the usual form of a fraction in its 
lowest terms is p/g. We will assume that M is always a ra- 
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tional number. This statement is saved from redundancy by 
the large number of cases where g is one or a very small in- 
teger. The writer has justificably stressed the case when g 
is eleven. For the neutron, proton, and the nuclei of C# and 
O"*, M is 14709/8, 20197/11, 21868, and 29148, respectively. 
For Z< 10 the most abundant isotope for each Z has an M 
which is within 0.3 of an integer and in all except a few cases 
within 0.1. There are six nuclei in this interval with M in- 
tegral. There are also a number of pairs of isotopes for which 
the M differences are integral. The excited states of nuclei 
exhibit similar regularities. Thus m appears to be the natural 
unit of mass for nuclei and elementary particles. 


SATURDAY AFTERNOON AT 2:00 


Shoreham, Main Ballroom 


(A. C. HELMHOLz presiding) 


Scattering of Protons and Neutrons 


YA1. Analysis of p—T Scattering. J. S. McInrosn, R. L. 
GLUCKSTERN, S. SACK, AND B. E. FREEMAN,* Yale University.t 
—A phase shift analysis of p—T scattering data from 1—3.5 
Mev! was undertaken. S and P waves fit the data. However, 
an infinite number of S wave phase shift pairs ('Ko, *Ko) 
proved possible. For each S wave pair two satisfactory p 
wave pairs ('K,, ?Ki) exist, one of which contains values of 
1K, larger than expected for purely potential scattering. The 
variation of these “resonant” values of 'K,; with energy could 
be consistent with a possible resonant state* of He‘ of level 
width about 1 Mev at a proton energy of about 4 Mev. An 
analysis* of p—D data‘ indicates that D waves are required 
to fit lower angle data allowing only certain regions of values 
for *K» and ‘Ko. Attempts to analyze p—D data without D 
waves indicate desirability of caution regarding omitting D 
waves since low angle data are lacking here. 

* Now at the Los Alamos Scientific Laboratory. 

t Assisted by the joint program of the ONR and AEC. 

1 Hemmendinger, Jarvis, and Taschek, Phys. Rev. 76, 1137 
Claasen, Brown, Freier, and Stratton, Phys. Rev. 82, 589 (1951). 

2 Argo, Gittings, Hemmendinger, Jarvis, and Taschek, Phys. Rev. 79, 
929 (1950). 


4C. Critchfield, Phys. Rev. 73, 1 (1948). 
‘Sherr, Blair, Kratz, Bailey, and Taschek, Phys. Rev. 72, 662 (1947). 


(1949). 


YA2. Inelastic Proton Scattering from B".* W. W. Buecua- 
NER, C. P. Browne, M. M. ELkinp, A. Sperputo, H. A. 
ENGE, AND C. K. BocketMan, M.J.7.—Thin targets of B'° 
have been bombarded with 7-Mev protons from the ONR 
electrostatic accelerator. Protons scattered from the targets 
in a direction at right angles to the incident beam have been 
analyzed with a 180-degree magnetic spectrograph. In addi- 
tion to an elastically scattered group, five additional groups 
have been observed. These indicate energy levels in B'® at 
0.71, 1.74, 2.15, 3.58, and 4.76 Mev. These values are in good 
agreement with those obtained by Fay Ajzenberg' from the 
Be*(d, n)B*® reaction. 

* This work has been supported by the joint program of the ONR 


and AEC. 
1 Fay Ajzenberg, Phys. Rev. 82, 43 (1951). 


YA3. Energy Levels Resulting from 8-Mev Protons on 
Be’, C!?, N*4, S*2.* J. S. ARtHurR, A. J. ALLEN, R. S. BENDER, 
H. J. Hausman, C. J. McDo ve, L. M. Diana, K. B. Ropes, 
AND R. A. Baryon, University of Pittsburgh.—Eight-Mev 
protons were used in the scattering project to investigate re- 
actions in thin targets of Be*, nylon, and S*. The 2.42-Mev 
level in Be® from the Be*(p, p’)Be® reaction was observed. 


Alpha-peaks were also observed. A 0.2-mil nylon target was 
bombarded at 90° and 150°. Proton groups were observed 
corresponding to O"*, N“, and C” elastic peaks; energy levels 
in N'* at 2.32, 3.80, and 3.96 Mev; and the C* energy level at 
4.47 Mev. In addition to the elastic group, seven inelastic 
proton groups were observed in S*, These correspond to ex- 
cited levels in S® at 2.25, 3.85, 4.33, 4.57, 4.74, 5.05, and 
5.35 Mev. 


* Work done in the Sarah Mellon Scaife Radiation Laboratory and 
assisted by the joint program of the ONR and AEC, and the Research Corp. 


YA4. Determination of the Angular Distribution and Ab- 
solute Differential Cross Section of the C'*(p, p)C'* Reaction.* 
H. L. Jackson, A. I. GaLonsky, F. J. Epptinc, R. W. Hitt, 
E. GOLDBERG,f AND J. R. CAMERON, University of Wisconsin. 
—The C"(p, p)C" differential cross section was measured from 
0.4 to 4.35 Mev using propane, ethylene, and methane targets. 
Observations were made at 102°, 124°, 146°, and 168°. The 
proton beam was introduced into the scattering chamber 
through a differential pumping column to avoid the necessity 
of a foil. A preliminary examination of the data qualitatively 
supports the level assignment! based on the work of William- 
son and Goldhaber. A quantitative analysis is in progress. 

* Work supported by the AEC and the Wisconsin Alumni Research 
Foundation. 


t AEC Predoctoral Fellow. 
1H. L. Jackson and A. I. Galonsky, Phys. Rev. 84, 401 (1951). 


YAS. The Angular Distributions of the C'*(p, p’)C'** 
Q=-—4.45 Mev and the Mg**(p, p’)Mg*** Q= —1.38-Mev 
Reactions Using a Nal Scintillation Counter.t H. E. Gove 
AND H. F. Stoppart, M.J.T.—The Nal scintillation counter 
described in another abstract has been used to measure the 
angular distributions of inelastically scattered protons from 
C# and Mg leaving the nuclei in their first excited state. The 
proton bombarding energy was 7.3 Mev. The results have been 
fitted to Legendre polynomial expansions and indicate terms 
as high as six in the carbon case. The two distributions are 
notably different which is interesting in view of the fact that, 
in both cases, the spin of the target nucleus is zero, even parity, 
and that of the residual Mg™ nucleus, in the first excited state, 
is two, even parity, while that of the first excited state of C” 
is also predicted' to be two, even parity. However, both dis- 
tributions are assymmetric about 90° indicating that at least 
two levels of different parity are involved in the compound 
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nuclei (Al? and N") about which nothing is known. This 
makes any theoretical analysis rather complicated. 


t Ponpeceet in part by the joint program of ie x and ONR. 
1R. R. Haefner, Revs. Modern Phys. 23, 228 ( 


YA6. Excited States of Mg*, Cr®*, and Mn**.* H. J 
Hausman, A. J. ALLEN, J. S. ArtHuR, R. S. BENDER, C. J. 
McDo e, L. M. Diana, K. B. RHopEs, AND R. A. Barjon, 
University of Pittsburgh—The reactions Mg*(p, p’)Mg*, 
Cr®(p, p’)Cr®, and Mn**(p, p’)Mn** have been investigated 
by means of magnetic analysis of the proton groups emitted 
from thin targets. A magnetic analyzed beam of 8-Mev pro- 
tons from the 47-in. University of Pittsburgh cyclotron were 
used as incident bombarding particles. Three of the twelve 
proton groups observed from the bombardment of a thin 
natural magnesium target have been assigned to excited 
states of Mg™ at 1.38 Mev and a doublet at 4.14 Mev. Identi- 
fication of these states was obtained from the Al?"(p, a)Mg™ 
reaction. Six proton groups have been tentatively assigned to 
excited states in Mg**. In the region of excitation from zero to 
6 Mev, fifteen proton groups were observed from the bom- 
bardment of natural chromium. Assignment of the energy 
levels in chromium will be made. An assignment of 13 excited 
states in Mn®* has been made in the region of excitation from 
zero to 5.5 Mev. Observations of the proton groups from the 
above reactions were made at laboratory angles of 150° and 
90° to the incident beam. 

*Work done in the Sarah Mellon Scaife Radiation Laboratory and 
assisted by the joint program of the ONR and AEC, and the Research 
Corporation. 


YA7. Energy Levels in Al*’ and Na** Using a Scintillation 
Spectrometer for Heavy Particles.* H. F. STODDART AND 
H. E. Gove, M.I.T.—A heavy particle scintillation spectrom- 
eter of moderate resolution (2 percent full width at half 
maximum for 14.5-Mev deuterons) has been developed for 
use in conjunction with scattering experiments at the M.I.T. 
cyclotron. A 1/16 inch thick plate of NaI(T1) crystal is used 
as the scintillator and the light is directed onto the face of an 
RCA 5819 photomultiplier by an aluminum reflector. The 
ratio of pulse height to incident energy is found to be constant 
to better than 4 percent in the region of 0-7-Mev proton en- 
ergy. With this counter energy levels of Al?’ were found using 
inelastic proton scattering from thin aluminum targets at 0.84, 
1.01, 2.23, 2.77, 3.03, 3.71, 4.00, 4.47, 4.60, 4.87, and 5.43 Mev. 
Similar measurements with a sodium target give 2.10, 2.37, 
2.69, 3.01, 3.70, 3.92, and 4.45 Mev as levels of Na®. A carbon 
target shows only one level in the 0—6.5-Mev region, that of 
C at 4.45 Mev. Additional experiments using this counter are 
described in other abstracts. 


*T ~~ 1 ain has been supported in part by the joint program of the ONR 
and A 


YA8. Multiple Scattering of High Energy Protons in 
Photographic Plates.* MartIN J. BERGER, University of 
Chicago.—A determination has been made of the multiple 
scattering of protons with energies E=337+1 Mev and 
E=218+2 Mev in photographic emulsions. Ilford G-5 plates 
were used for this purpose that had been exposed to the proton 
beam of the Berkeley cyclotron. The results may be sum- 
marized in terms of the customary scattering constant 
K =10s~4&pv, where p and v are the momentum and velocity 
of the scattered particle (pv in Mev), s is the length of the 
cells into which the analyzed tracks are divided (in microns), 
and @ is the mean angular deflection (chord-angle) per cell 
(in degrees). In the range from s=250yu to s=750u, K was 
found to increase only slightly. A weighted average of the 
results in this range of cell lengths gives K=26.3+1.0 at 
E=337 Mev, and K=26.9+1.3 at E=218 Mev. When a 
cutoff is applied to the chord-angles, whereby deflections 
greater than four times the mean are eliminated, the corre- 
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sponding scattering constants are found to be K (cutoff) 
=24.5+0.8 at E=337 Mev, and K (cutoff)=25.2+1.0 at 
E=218 Mev. The experimental results are in fair agreement 
with the predictions of the multiple scattering theories of 
Moliére, Snyder, and Scott, and a proposed extension of the 
theory of Goudsmit and Saunderson. 


* Assisted by the joint program of the ONR and AEC. 


YA9. The Scattering of 10-Mev Deuterons by H? and by He’. 
A. H. ARMSTRONG, J. C. ALLRED, A. M. Hupson, R. M. 
Porter, E. S. Ropinson, L. Rosen, AND E. J. STOVALL, JR., 
Los Alamos Scientific Laboratory.*—The differential cross sec- 
tions for 10-Mev deuterons scattered by H* and by He’ have 
been determined at 43 angles between 29° and 140° in the 
center-of-mass system. A multiplate camera! was used ; 162,000 
tracks were counted. The identity of the cross sections above 
50° for this set of mirror interactions is consistent with present 
evidence for the equality of n—n and p—p forces. Below 50° 
the two curves diverge to an extent which can be attributed to 
the increased Coulomb scattering by He*. There is consider- 
able evidence of deuteron disintegration in both interactions. 
The shape of the curve above 50° may be inferred from the 
following values of differential cross section in millibarns per 
steradian at the corresponding center-of-mass angles in de- 
grees: 87 (50°); 25 (60°) ; 20 (65°) ; 37 (75°) ; 69 (85°) ; 86 (98°); 
68 (110°); 39 (120°); 26 (130°); 40 (140°). The characteristics 


of these angular distributions may perhaps lend themselves to 
eventual interpretation by some kind of stripping theory.2 


* Work performed under the auspices of the AEC. 

1 Allred, Rosen, Tallmadge, and Williams, Rev. Sci. Instr. 22, 191 (1951). 
2S. T. Butler, Proc. Roy. Soc. (London) 208, 559 (1951). 

+R. Huby and H. C. Newns, Phil. Mag. 42, 1442 (1951). 


YA10. Scattering of Fast Neutrons by Deuterons.* M 
Watt,f A. OKAZAKI, AND R. K. Apair, University of Wis- 
consin.—The difference in the total neutron cross section of 
hydrogen and deuterium was measured at nine neutron en- 
ergies between 264 kev and 3 Mev, and the angular distribu- 
tion of neutrons scattered by deuterons was measured at 
seven neutron energies from 220 kev to 2.5 Mev. Fast neutrons 
were produced by the Li’(p, )Be? and H*(p, m)He’ reactions 
using protons from an electrostatic generator. Samples of 
H,0 and D,0O in brass containers were placed between the 
neutron source and a hydrogen recoil counter, and the cross 
section difference was determined by comparing the trans- 
missions of the two samples. The values of o#—op varied 
from 5.25+0.15 barns at 264 kev to 0.18+0.03 barn at 3 Mev. 
The angular distribution of scattered neutrons was determined 
by observing the pulse-height distribution of the recoil deu- 
terons in a proportional counter filled with deuterium. Deu- 
teron recoils produced by neutrons scattered at angles less 
than 70° in the center-of-mass system were not counted. At 
220 kev the scattering was essentially isotropic, but at higher 
energies backscattering became increasingly important. At 
2.5 Mev the differential cross section for 180° was about 2} 
times the value for 100°, in agreement with measurements of 
Coon and Barshall. 

* Work supported by the AEC 


Foundation. 
t AEC Predoctoral Fellow. 


and the Wisconsin Alumni Research 


YA11. Neutron Diffraction Studies of the Lighter Rare 
Earth Oxides. W. C. KoEHLER AND E. O. WOLLAN, Oak Ridge 
National Laboratory.—Diffraction studies have been made of 
the trivalent oxides of lanthanum, praseodymium, and neo- 
dymium and also of the divalent oxides of cerium. This work 
was initiated with the idea of (a) obtaining data on the scatter- 
ing properties of nuclides in this mass number region, and (b) 
investigating the magnetic scattering properties of ions of the 
4 f series. So far only the nuclear cross section studies have 
been completed and as a necessary part of this work the crystal 
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structure (for which there has been some disagreement) of the 
La,0; type compounds used in these measurements has been 
investigated. In addition to the cross-section studies of the 
normal elements, values for specific nuclides have also been 
obtained with isotopically enriched samples. Coherent cross 
sections were obtained from the powder diffraction patterns 
and total scattering cross sections from transmission measure- 
ments with absorption corrections based on pile oscillator data 
of H. Pomerance. The following values were obtained for the 
coherent cross sections in barns: La!*(8.7), Ce(2.7), Ce™°(2.8), 
Ce'#(2.6), Nd(6.5), Nd'*(7.5), Nd'#(1.0), Nd'*(9.5), and 
Pr'!(2.4). 


YA12. The Measurement of Neutron Scattering Cross 
Sections in the Resonance Region.* C. SHeEer, J. Moore, 
W. W. Havens, Jr., AND L. J. RatnwaTer, Columbia Uni- 
versity.—An extension of the method! for measuring the ratio 
of scattering to total cross section for slow neutrons in the 
resonance region (1-100 ev) has been developed, which con- 
sists of measuring the ratio of sctttered counts from an in- 
finitely thick target of the material under investigation to that 
of a carbon reference target. The ratio of scattering to total 
Cross section is then obtained by comparing this measured 
count ratio to that from a similar standard target of known 
cross section. It has been shown! that the calibration curve so 
derived is valid only when the ratio ¢,/o; is <0.5. For values 
of o,/o;>0.5 the targets cannot satisfy the criterion of in- 
finite thickness within the geometrical limits of the ap- 
paratus. The criterion required when noninfinitely thick 
targets are used is that both the standard and the unknown 
have the same thickness in units of the mean free path for 
neutron interaction. Accordingly, a family of calibration 
curves are required in which the measured count ratios from 
a number of standard targets are plotted against relative thick- 
ness for various values of o,/o:. The range of o,/o; has been 
extended from 0.5 to 1.0, thus completely supplementing the 
thick target method. This allows measurements to be made on 
weak levels and on scattering resonances, The method is 
illustrated by measurements on the 5.2-ev and 16-ev levels of 
silver. 


* This work was supported in part by the AEC. 
1 Gold, Tittman, and Sheer, Phys. Rev. 83, 746 (1951). 


YA13. Energy Distribution of Slow Neutrons Scattered 
from Solids. B. N. BRockHousE AND D. G. Hurst, Chalk 
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River Laboratory.—Neutrons of 0.35-ev energy were scattered 
at 90° into an annular bank of BF; counters by thin specimens 
of lead, aluminum, diamond, and graphite. The transmission of 
the scattered neutrons by cylindrical cadmium filters was 
measured as a function of cadmium thickness. This function is 
a transform of the energy distribution and could in principle 
be inverted, provided the energy distribution lies entirely in 
a region where the cadmium cross section has a steep slope of 
uniform sign. In practice, however, the measurements were 
compared with cadmium transmissions calculated for an 
Einstein crystal model on the Born approximation.’ Small 
corrections for multiple scattering were applied. In all cases 
qualitative agreement was obtained, small divergences being 
in directions expected from the inadequacy of the model. No 
significant difference was observed between graphite and 
diamond. For lead and aluminum at room temperature the 
simpler model of a gas of free atoms is found to give approxi- 
mately the same result, as well-known behavior at high ener- 
gies but here applying when the temperature and neutron 
energy are only moderttely greater than the Einstein tem- 
perature and mach less than the binding energy. 


1 We are indebted to Dr. N. K. Pope for the average over initial states. 


YA14. Energy Spectrum of Neutrons from the Interaction 
of 14-Mev Neutrons with C, Al, Fe, Cu, Zn, Ag, Cd, Sn, Au, 
Pb, and Bi.* E. R. Graves AND L. Rosen, Los Alamos 
Scientific Laboratory.—Thin-walled spherical shells of the 
above listed elements were placed around a nearly mono- 
energetic source of 14-Mev neutrons from the T(d, m)He‘* re- 
action. Nuclear emulsions were utilized to measure the spectra 
of the emergent neutrons. At least 1000 tracks were measured 
for each element investigated. The distribution in energy of 
the degraded neutrons for all elements except C is rather well 
represented by Weisskopf's' formula N(E)dE= CEe~®!dE, 
where N(E)dE represents the number of neutrons having 
energy between E and E+dE. The maxima in the intensities 
of the degraded neutron spectra occur below 1.5 Mev. This 
appears to be in contradiction to the predictions of Weisskopf, 
as does also the observed variation of e with mass number. Our 
values of ¢ for Bi and Pb are in fair agreement with those 
previously obtained from this type of experiment.** 

* Work performed under the auspices of the AEC. 

1V. F. Weisskopf, Phys. Rev. 52, 295 (1937). 


2 P. H. Stelson and C. Goodman, Phys. Rev. 82, 69 (1951). 
+B. G. Whitmore and G. E. Dennis, Phys. Rev. 84, 296 (1951). 


SATURDAY AFTERNOON AT 2:00 


Wardman Park, Continental Room, 


(W. F. G. Swann presiding) 


Cosmic Rays 


Z1. Mean Life of Neutral Penetrating Ray. Rocers D. 
Rusk AND MiL_pRED D. Moore, Mount Holyoke College.— 
A value for the mean life of a neutral penetrating ray has been 
obtained using a coincidence-anticoincidence counter. The 
tubes and lead or iron absorbers were kept in fixed positions, 
while a slab of paraffin below the anticoincidence tube was 
moved to different positions. A small but definite effect pre- 
viously reported* and presumed to be due to neutral particles 
was found to vary with the distance of the paraffin below the 
anticoincidence tube, dropping to a low value at 70 cm. The 
curve indicated an observed mean life of the order of 1 to 
2X 10-* second. 


*R. D. Rusk and A. Rosenbaum, Phys. Rev. 76, 1166 (1949). 


Z2. Proportional Counter Measurement of Primary Pro- 
tons and Alpha Particles. L. R. Davis, H. M. Cautk, C. Y. 
Jounson, G. J. PERLow, anp C. A. ScuroepEer, Naval Re- 
search Laboratory.—A balloon flight to 9 g/cm* at Minne- 
apolis (A=55°) determined the intensities of primary protons 
and a-particles. A telescope of thin-walled Geiger counters 
defined a beam through two proportional counters. The smaller 
of the two recorded ionization pulses for each event yielded a 
number-ionization histogram resolving the protons and alphas 
reasonably well. The alphas were determined both by sub- 
tracting a histogram of ground data and by subtracting 
one made during ascent below 40,000 ft. The mean ratio 
R=(protons/alphas) = 5.7+0.6, the uncertainty being due to 
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The intensities at 9 
=0.043 


the alternative subtraction processes. 
g/cm? atmospheric depth are Jp=0.24+0.01, Ja 
+().004 (cm? sec sterad) 


Z3. Temporal Changes of Nucleonic Component Intensity.* 
J. A. Simpson, W. Foncer, ano L. Witcox, University of 
Chicago.—Measurements of the nucleonic component in- 
tensity as a function of time have been continued using pile 
structures of lead and paraffin to obtain the local production 
rates of fast neutrons. The piles are located at selected lati- 
tudes at mountain altitudes and sea level. The world-wide 
intensity variations of ~5 percent which occur frequently 
(~2 to 4 per month) and persist for the order of days continue 
to be observed in agreement with our earlier, reported observa- 
tions. The measurements have now been extended to higher 
altitudes. Employing an aircraft carrying a fast neutron 
detector at 30,000-ft pressure altitude, 36 observations of fast 
neutron intensity were obtained over a 4-month period and 
compared with the simultaneous recordings of the local neu- 
tron production from the pile structures. These measurements 
confirm the magnitude of the observed temporal changes and 
show from both the altitude and latitude dependence of the 
intensity variations that the primary radiation producing 
these variations generally has energies up to at least 6-8 Bev. 


* Assisted by the Flight Research Laboratory, U. S. Air Force. 


Z4. The Effect of Equatorial Ring Currents on Cosmic 
Radiation.* S. B. TrEIMAN, University of Chicago.—Chap- 
man' has suggested that the main phase of magnetic storms 
and the decreases in cosmic-ray intensity which occasionally 
accompany these storms** may both be explained on the basis 
of a ring current flowing westward in the equatorial plane and 
having a radius several times that of the earth. The changes 
in cosmic-ray intensity that would be expected to accompany 
variations in such a ring current have been calculated, using 
the simple Stoermer approximation to the theory of allowed 
For mathematical convenience, the ring current is 
replaced by the current distribution discussed by Chapman.! 
With these approximations, a simple analytic expression is 
obtained which relates the changes in the horizontal com- 
ponent of magnetic field at the equator with the correspond- 
ing response of an arbitrary cosmic-ray detector located at 
any latitude and altitude. The theory predicts an increase in 
cosmic-ray intensity accompanying an increase in the ring 
current intensity (decrease in magnetic field). During large 
storms this increase should be observable at the 
40°), unless the radius of the ring 


cones, 


magnetic 
intermediate latitudes (20 
is quite small 


* Assisted in part by 3 Flight Researc’ +. ahors atory, USAF. 


1S, Chapman, Nature (London) 140, 423 
2S. E. Forbush, Phys. Rev. 51, 1108 (1939); err. Mc ag. 43, 207 (1938). 
*V. F. Hess and A. Demmelmair, Nature (L ondon) 140, 316 (1937). 


Z5. On the Enhanced Primary Cosmic-Ray Intensity 
Associated with Solar Disturbances.* M. A. PoMERANTZ AND 
G. W. McCuure, Bartol Research Foundation.—In an attempt 
to detect correlations between the primary cosmic-ray in- 
tensity and solar phenomena, a series of balloon flights has 
been conducted during periods when active regions were ob- 
served on the sun, The instruments were released in accordance 
with warnings relayed by either the CRPL at the Bureau of 
Standards or the Cornell Radio Astronomy Observatory in a 
cooperative program.' The results have indicated that, in 
addition to a general enhancement of the primary flux which 
may persist for protracted periods,” bursts of intensity some- 
times appear to be correlated (despite the rather large sta- 
tistical uncertainties in the cosmic-ray measurements) with 
the characteristics of the 200-mc radiation. Such an effect has 
occurred, for example, in data obtained during several central 
meridian passages of a particularly active region which has 
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persisted for more than a year, designated 51A by the High 
Altitude Observatory.* 


* Assisted by the joint program of the ONR and AEC. 

1 We are indebted to Dr. A. H. Shapley of the Central Radio Propagation 
Laboratory, and to Dr. C. R. Burrows of Cornell University for providing 
both funn and the warning services 

2M. Pomerantz, Phys. Rev. ‘81, 731 (1951); J. A. Simpson, Phys. 
Rev. is 1175 (1951) ; see also Simpson, Fonger, and Wilcox, Phys. Rev. 85, 
366 (1952). 

*We are grateful to Dr. W. O 
maries of solar activity. 


. Roberts for supplying excellent sum- 


Z6. Correlation of Cosmic-Ray Intensities at High Altitudes 
with Neutron Intensities.* H. V. NEHER, California Institute 
of Technology.—It has been reported by J. A. Simpson et al.! 
that a correlation exists between solar activity with its ac- 
companying radio noise and neutron activity as measured at 
mountain elevations as well as at sea level. In the summer of 
1951 a series of balloon flights was made with ionization cham- 
bers at Bismarck, during the period when the above neutron 
measurements were being made. There is a very strong corre- 
lation between the fluctuations in the ionization at a given 
pressure at very high altitudes with the fluctuations in the 
neutron intensity. At 70,000 ft the ratio between the fluctua- 
tions in ionization at Bismarck to the fluctuations in neutron 
intensity at Climax is 1.7. 


* Assisted in part by the joint og asgge 8 of the ONR and AEC, 
1 Simpson, Fonger, and Wilcox, Phys. R 


,, 85, 366 (1952). 


Z7. Further Results on the Cosmic-Ray Latitude Effect 
between Bismarck and Thule, Greenland.* V. Z. PETERSON, 
H. V. NEHER, AND E. A. STERN, California Institute of 
Technology.—In analyzing the coincident flights between 
Am=56° N and 88°N the simultaneous fluctuations at the 
two locations have been removed by relating all flights to 
one particular day. If the area under the ionization-depth 
curve is then taken as a measure of the true geomagnetic 
latitude effect, the balloon data show an increase of less than 
1 percent in new energy brought in by primaries in going 
from \m=56° N to 88° geomagnetic north. There appears to 
be no new energy beyond 58° to 60° North. While there is an 
increase in ionization with latitude at a given pressure at 
very high altitudes, a decrease in ionization = increasing 
latitude is observed at intermediate altitudes. Some of this 
behavior can be accounted for qualitatively by a difference i in 
the temperature distribution in the atmosphere at the two 
locations. The present results agree very well with those 
obtained up to Am=64° N while flying in B-29's at 30,000 feet. 


* Assisted by the joint program of the ONR and AEC, 


Z8. A Multiple-Wire Ionization Chamber for the Study of 
Large Air Showers.* R. E. HEINEMAN, University of Michigan 
(Introduced by W. E. HANZEN).—A large ionization chamber 
(8 ft longX2 ft wideX8 in. high) to be used to study the 
lateral distribution of ionization in large air showers has been 
equipped with 20 central wires, perpendicular to the length 
of the chamber. Their spacing can be readily changed to either 
2- or 4-in. intervals. Pulses from the wires are amplified and 
their display on a 20-channel synchroscope is photographed. 
The aim is to determine the lateral structure function in the 
region from the core to about 14 meters from the core, within 
which region two 1/r singularities separated by 25 to 50 cm 
should be resolved. The recording equipment is triggered by a 
fourfold coincidence of G.M.-counters placed at the sides of 
the chamber, obviating the difficulties associated with ion 
chamber triggering. The 4 atmos of argon used to fill the 
chamber can be purified continuously by circulating it, with 
an internally located blower, through hot calcium turnings, 
thereby making negligible the effects of electron attachment 
to O, or H,O impurities. 


* Supported in part by the ONR and AEC. 
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Z9. Cerenkov Radiation from Cosmic-Ray Particles.* Joun 
WINCKLER, University of Minnesota.—Although the energy 
loss of a fast particle (8 ~ 1) due to Cerenkov radiation is small 
compared to the ionization loss, nevertheless several hundred 
quanta/cm are released in Lucite, producing photomultiplier 
output pulses in the range of tenths of volts. In a preliminary 
apparatus a Lucite radiator 15 cm in length was used in coin- 
cidence with Geiger tubes. Internal reflection concentrated the 
radiation on a phototube in optical contact with one end of the 
block. This apparatus can be used to separate protons from 
mesons and electrons, and to study cosmic-ray albedo effects. 
Data has been obtained at sea level and high altitude and will 
be discussed. The experiments are being continued with a 
large radiator 8 in.X8 in.X3 in. thick, to provide greater 
statistical accuracy for high altitude experiments. The light 
radiated is proportional to Z*(1—1/6*n*), where Z is the num- 
ber of unit charges, n the refractive index of the radiator, 
and B=v/c. A contribution to the observed light is made by 
collision electrons produced above the Cerenkov threshold. 
The light collection problem is more difficult than in scintilla- 
tion counters due to the sharp angular dependence of the 
Cerenkov radiation. 


* Research supported by the joint program of the AEC and ONR. 


Z10. The Collision Cross Section of High Energy Primary 
Cosmic Rays. Haro_p K. Ticno, University of California, 
Los Angeles.—Altitude curves of penetrating showers pro- 
duced in a lead block have been re-analyzed. Showers of all 
sizes exhibit an attenuation length of ~125 g/cm™ in air. 
By extrapolation to the top of the atmosphere and com- 
parison with the energy spectrum of primaries, an energy of 
> 260 Bev has been assigned to the particles causing the largest 
showers if the primary spectrum varies as E~'-5; if the spec- 
trum in the 100-1000 Bev region is flatter, then the energies 
of the particles causing the largest penetrating showers should 
be still larger. It is generally believed, that the attenuation 
length is twice as long as the geometric collision mean free 
path because of contributions to the counting rate from second- 
aries originating in interactions at higher altitudes. Such 
secondaries could be nucleons and pions; if they are nucleons, 
then the collisions would have to be much more elastic than 
present nuclear emulsion results suggest; if they are pions, 
then a calculation of the corresponding underground y-meson 
intensity yields a result which is larger than the measured 
u-meson intensity by a factor >10. As a result it appears that 
neither recoil nucleons nor pions can explain the difference 
between the observed attenuation lengths and a geometric 
collision mean free path. 


Z11. A Coincidence Method for the Investigation of Cosmic 
Rays Using Scintillations in Liquids. J]. HersHkowr7z, H. P. 
KALLMANN, AND W. A. SCHNEIDER, New York University.*— 
A triple coincidence telescope has been developed which uses 
two scintillation liquid columns and a monitoring crystal to 
provide data on the energy of individual cosmic ray particles 
Photomultipliers with associated amplifiers are used to pro- 
duce a single trace on a scope screen for each triple coincidence. 
The screen is continuously photographed and the beam is un- 
blanked and intensified by the pulse from the monitoring 
crystal. The coincidence arrangement eliminates spurious 
effects produced by background noise and low energy particles 
through the liquids and crystal. Under the assumption that 
the length of the trace is proportional to the energy absorbed 
by the liquid, one finds a sharp peak in the number vs energy 
curve. The ratio of the energy difference between the half- 
value points to that of the most frequent energy (AE/E£) in 
0.36. The number of triple coincidences was measured as a 
function of geometry and found in all cases to be in agreement 
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with known values of cosmic ray intensity at sea level. 
Further studies are underway on the energy distribution of 
cosmic rays and their absorption in various liquids. 


* This work was assisted by Signal Corps. 


Z12. Electric and Nonelectric Scattering of Cosmic-Ray 
Mesons and Protons.* W. L. WuItreMoRE AND R. P. Saurtt, 
Brookhaven National Laboratory.—An experiment has been 
performed at sea level and at 3.4-km altitude to study the 
scattering in 5 cm of lead of 15,000 cosmic-ray mesons and 
protons whose momenta were measured before entering the 
lead plate. Since the particles at sea level are mostly u-mesons, 
the scattering is mainly electrical and agrees within statistics 
with the theories of Moliére, Scott and Snyder, and Olbert. 
At 3.4-km altitude the distribution in scattering angle for 
negative particles also agrees within statistics with the 
Coulomb-scattering theories, whereas the distribution for 
positive particles definitely possesses a ‘‘tail" which is not in 
agreement. However, the angular distribution in this “tail” 
alone exhibits a strong preference for forward scattering, indi- 
cating (elastic) diffraction scattering on the lead nuclei of the 
fairly intense proton components' at high altitude. The num- 
ber of observed cases of scattering through very large angles, 
some of which might also be elastic, can be combined with the 
number of anomalous stopping and star production events to 
give the proton reaction cross section of lead nuclei. 

* Work done at Brookhaven National Laboratory ynder the auspices 
of the AEC 


Ww. L. Whittemore and R. P. Shutt, Bull. Am. Phys. Soc. 27, No. 1, 17 
(1952). 


Z13. The Variation of the Positive-Negative Ratio of 
Cosmic-Ray Mesons with Momentum and Altitude.* H. A. 
Morewit1z AND M. H. Samos, New York University.—We 
have used the method of delayed coincidences to measure the 
integral and differential time distribution of decay electrons 
from u-mesons which were stopped alternately in a carbon and 
in a sulfur absorber under ~11 cm of lead. The experiment 
has been operated for ~4000 hours, of which ~825 hours were 
background (no absorber). The data for decay times >2 ysec 
was analyzed by the statistical method of Peierls and yields 
2.09+0.05 ysec for the mean lifetime of the u*t-meson in 
sulfur. This is in agreement with the value found by Alvarez 
et al. in stilbene, but does not agree too well with a recent value 
reported by Bell and Hinks in iron. The difference between the 
carbon and sulfur delayed coincidence rates gives 1.92+0.04 
usec as the mean lifetime of the w~ meson in carbon, in accord 
with Wheeler's theory of u~ meson capture. The integral time 
distributions were extrapolated to zero time and allowance was 
made for those ~~ mesons which were captured in carbon. 
From this information the u*/y~ ratio for a momentum of 
~250 Bev/c at sea level was computed to be 1.06+0.03. 
The yw*/u~ ratio was plotted as a function of momentum from 
the top of the atmosphere. 


* This work was supported by the ONR and AEC. 


Z14. Absorption of Cosmic Rays under 120 MWE of Earth.* 


C. A. RANDALL, Ohio University.—Absorption in lead and in 
carbon for twofold and threefold coincidences between trays of 
G-M counters are being obtained, in a coal mine under 120 
mwe of earth. The apparatus is similar to that used at 850-mwe 
depth.' The absorption data will be shown and preliminary 
interpretation discussed. The results appear to be consistent 
with the hypothesis that the component which is almost com- 
pletely absorbed by approximately 10 g/cm* of lead consists 
almost entirely of knock-on electrons from y-mesons. 


* Supported in part by the ONR and Ohio University Fund. 
'C. A. Randall and W. E. Hazen, Phys. Rev. 81, 144 (1951). 
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SP1. Equilibria in Liquid Systems. GEorGE ANTONOFF.*— 
Two substances showing a marked deviation from Raoult’s 
law have a tendency to separate into two layers, owing to 
interaction in accordance with Mendeleiev's theory. On addi 
tion of B to A the complex Z is formed and the number of 
molecules in solution remains constant. Z follows in accordance 
with Van't Hoff's simple gas laws. It associates with itself in 
stages of Z+Z=Z2; *Z,=Z,, etc. The heavy molecules form 
a sediment of two layers, containing the same number of 
molecules per unit volume, i.e., Ni=N2; N=d,/M,=d2/M2 
=d,/M,X, where N is the number of mols per unit volume, 
d=density, M=molecular weight, and X =association factor. 
With changing ¢ association takes place in stages. Thus proper- 
ties show kinks which are seen best if d.=d, is plotted vs t. 
Best example is phenol-water with critical ¢ at 70°C. Within 
the solvent Z behaves as a typical gas. 

* To be given at the end of Session C if the Chairman rules that time 
permits. 


SP2. The Nature of Nuclei and Elementary Particles. 
Enos E. Witmer, University of Pennsylvania.*—In abstract 


No. Y11 the writer reached the conclusion that m, the rest mass 
of the negative electron, is the natural unit of mass for nuclei and 
elementary particles. We believe that the results stated therein 
cannot be explained by any theory in which the nucleus is 
regarded as composed of elementary particles that have a 
potential energy which is a continuously varying function of 
the space coordinates of the elementary particles. It seems 
likely that it will be necessary to give up the concept of ele- 
mentary particles except as an approximation in certain 
limiting cases. The fundamental new fact in the nuclear do- 
main is the creation and destruction of material particles. The 
occurrence of transitions between states with different particles 
present means that in a complete theory the whole set of such 
transitions must be considered simultaneously. Consequently, 
the masses of all nuclear and cosmic-ray particles will be ob- 
tained in one operation in terms of a universal mass constant 
m. Thus, the unity in such a scheme is inherent in the theory, 
not in the existence of elementary particles regarded as the 
building blocks for the other particles. 


* To be given at the end of Session Y if the Chairman rules that time 
permits. 
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